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Abstract 
The Kimmeridge Clay Formation (Upper Jurassic‒Lower Cretaceous) is a widely 
deposited mudrock that has a high total organic carbon content and is a major petroleum 
source rock of the North Sea, Norwegian Sea and Barents Sea. The Late Jurassic and 
Early Cretaceous were characterised by a number of carbon cycle perturbations and a 
climatic shift in north-western Europe from relatively humid to arid and back to humid 
conditions. Precise correlation of the KCF in north-western Europe is critical for 
assessing the temporal and geographic extent of these events, stratigraphic fidelity, and 
the nature of widespread organic matter deposition in the region. However, correlation 
is complicated by faunal provincialism and insufficiently constrained 
chronostratigraphy. Biostratigraphic data alone generally does not allow precise 
correlation. An integrated approach (bio-, cyclo- and chemostratigraphy) is applied here 
to correlate several biostratigraphically-constrained organic carbon isotope (𝛿13Corg) 
records from the Norwegian Continental Shelf with the (1) Kimmeridgian‒Tithonian 
(Upper Jurassic) Kimmeridge Clay Formation of the Dorset type area; (2) upper 
Tithonian‒Berriasian (Upper Jurassic‒Lower Cretaceous) of Svalbard and Siberia; and 
(3) lower Kimmeridgian of west-central Portugal (Tojeira-1 section), and other Tethyan 
sites.  
Identification and correlation of synchronous C-isotope events amongst inter-regional 
sections reflects the consistency of the C-isotope signal in the seas of north-western 
Europe at the time of deposition, and include the mid-Eudoxus Zone, mid-
Hudlestoni Zone and early Berriasian negative isotope excursions, and the Volgian 
Isotopic Carbon Excursion (VOICE). The relationship of these records and other Boreal 
C-isotope accounts for the Late Jurassic and Early Cretaceous are presented as a 𝛿13Corg 
stack. In addition, time series analyses of TOC records from wells 7120/2-3 and 16/1-14 
reveal cycles that strongly resemble the short-term eccentricity component recorded in 
the well-studied and relatively complete Dorset section. Implied long-term eccentricity 
modulation in the Tojeria-1 section is also compared with the cyclostratigraphic 
framework of SE France.  
Cyclostratigraphic correlation provides independent support of the constructed age 
models for the studied sections, and a basis for understanding the timing and extent of 
Late Jurassic‒Early Cretaceous climate change. As the clay mineral kaolinite is 
weathered in humid environments, the Early Cretaceous climatic shift from dry-warm 
conditions is suggested by its abundance, however, palaeoclimatic inferences from clay 
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mineralogical records are complicated by diagenetic overprinting. Clay mineral 
assemblages from several well constrained sections from the Norwegian Continental 
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TOC of wells 7120/2-3 and 16/1-14. Dashed line indicates inferred 377-kyr in 16/1-14 
(b) and 123-kyr in 7120/2-3. Cycles are correlated to the astronomically calibrated 
Dorset section (Huang et al. 2010) according to GTS2004.  
Figure 7.5. Old vs. new dating of the studied sections. Dashed lines indicate the 
duration of time proposed for each well based on biostratigraphy, and solid lines show 
the improved ages after integration of bio- and chemostratigraphy. 
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Thesis structure 
 
The chapters in this thesis comprise all research carried out over the course of this 
study. As each chapter has either been published, or is in preparation for publication, 
there are separate introduction and discussion/conclusions sections contained in each 
chapter. 
Chapter 1 provides an introduction and the aims of this research. A short literature 
review on the geological settings is included in Chapter 2. In Chapter 3, materials and 
all methodological techniques tried and applied in each study are described. Chapters 
4-6 are composed of a reformatted published paper and papers in press/preparation. The 
overall results of this research are discussed in Chapter 7, along with the wider 




  1 
Chapter 1. Introduction 
 
1.1 The Kimmeridge Clay Formation: a regional view. 
Mudrock lithologies of Kimmeridgian-Tithonian (rarely, Berriasian) age, widely 
referred to as the Kimmeridge Clay Formation (KCF) were deposited in boreal and sub-
boreal marine basins of north-western Europe during the Late Jurassic‒Early 
Cretaceous. The name ‘Kimmeridge Clay’ is derived from the village of Kimmeridge 
on the UK Dorset coast (Gradstein et al. 2012), which is the type section of the 
formation (Webster 1816, Blake 1875, Arkell 1933, Cope 1967, 1978, Gallois and Cox 
1976, Cox and Gallois 1981, Gallois 2000, Morgans-Bell et al. 2001). The KCF locally 
has high total organic carbon values (TOC) and is consequently an important source 
rock of great economic value, particularly in the North Sea Basin (Cooper 1995, 
Morgans-Bell et al. 2002, Cornford 2014).  
A complex lithostratigraphical nomenclature for the KCF equivalent has been 
developed in the Norwegian sector of the North and Barents Seas. The Norwegian 
Jurassic Lithostratigraphic Nomenclature Committee in 1980-1984, designated the KCF 
too broad a term to describe the various marine, offshore facies of Kimmeridgian‒
Berriasian age found on the Norwegian Continental Shelf (Doré 1985). Lateral 
equivalents of the KCF occur widely in the North Sea, Norwegian Sea, and Barents Sea 
regions where they are known as the Draupne and Mandal Formations (North Sea), the 
Spekk (Norwegian Sea) and the Hekkingen Formations (western Barents Sea) (Dalland 
et al. 1988), and as the Agardhfjellet Formation on Svalbard (Hammer et al. 2012, 
Koevoets et al. 2016). At its type section in Dorset, southern England, the KCF is of 
Kimmeridgian and lower Tithonian age, whereas on the Norwegian Continental Shelf it 
extends into the upper Tithonian and Berriasian (Early Cretaceous) (Figure 1.1.) 
(Brennand et al. 1998). 
There are currently no ratified GSSPs for the Kimmeridgian, Tithonian and Berriasian 
Stages; current practice is to take the base of the Kimmeridgian at the base Pictonia 
baylei Zone in the sub-boreal realm, corresponding to the base of Chron M26r (157.25 
Ma) (Wierzbowski 2010, Gradstein et al. 2012). The base of the Tithonian has been 
provisionally taken at the base of Chron M22An, equivalent to the base of the 
Hybonoticeras hybonotum Zone (Ogg et al. 2012), at 152.06 Ma, Calpionelid Zone B is 
used as the working definition for the Jurassic/Cretaceous boundary (base Berriasian  
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Figure 1.1. General lithostratigraphy of the Late Jurassic‒Early Cretaceous of the Norwegian Continental 
Shelf (adapted from https://engineering.purdue.edu). The KCF and lateral equivalents are highlighted in 
green.  
Stage) at 145.73 Ma (Figures 1.1-2) (Wimbledon et al. 2008, Gradstein et al. 2012, Ogg 
et al. 2016). The base of the Cretaceous does not yet have an accepted global boundary 
definition (Ogg et al. 2016).  
Regional secondary standard stages have been proposed which divide the 
Kimmeridgian of southern England into a lower Bolonian (Cope 1993, 1996, Taylor et 
al. 2001) and an upper Portlandian (Townson 1975) (Figure 1.2). The Bolonian 
corresponds to the upper KCF (Elegans‒Fittoni Sub-boreal zones), and the Portlandian 
to the overlying Portland Formation in Dorset (Cope 1993, 1996, Taylor et al. 2001). In 
Norway and Russia, the term “Volgian” commonly replaces the Tithonian and extends 
the J/K boundary to the base of the Ryazanian at approximately 144 Ma (Rogov and 
Zakharov 2009). The Ryazanian is applied by Russian workers in place of the 
Berriasian as the first stage of the Cretaceous (Figure 1.2). The international 
chronostratigraphic scheme (Gradstein et al. 2016) is used throughout this thesis.  
Considerable provincialism of ammonite assemblages is found in the Late Jurassic and 
Early Cretaceous seas of north-western Europe, and has resulted in complicated 
biozonation schemes for ammonites that occupied respectively the Tethyan, Sub-Boreal, 
Boreal (Russia) and High Boreal (Siberia) faunal realms (Wimbledon and Cope 1978, 
Calloman and Birkelund 1982, Zakharov et al. 1997, Rogov 2004, 2010, Zakharov and 
Rogov 2008, Rogov and Zakharov 2009). The standard biostratigraphical timescale of 
the Jurassic using ammonites was first proposed by Arkell (1946) based on north-
western European assemblages. However, the precise correspondence between zonation 
schemes is not standardized; ammonite zones are scaled to magnetostratigraphy and/or 
available cyclostratigraphy, and fitted to the radio-isotopic spline fit model of GTS2012 
(Gradstein et al. 2012). Therefore, ages are interpolated and not absolute. The only 
radiometric date for the Kimmeridgian‒Berriasian interval is 157.3 Ma at the base of the 
Kimmeridgian at Staffin Bay, Isle of Skye, Scotland (Selby 2007), which is suggested 
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to correspond to the base of polarity Chron M26r (Gradstein et al. 2012). The Boreal 
province is only partially standardized to magnetostratigraphy (e.g., Houša et al. 2007, 
Ogg et al. 2010, Przybylski et al. 2010) and comparisons in magnetostratigraphy 
between Boreal, Sub-Boreal, and Tethyan areas show an offset in the Oxfordian-

























Figure 1.2 International and regional 
chronostratigraphy for the Late 
Jurassic‒Early Cretaceous (Gradstein 
et al. 2012, Ogg et al. 2016). 
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Poorly constrained chronstratigraphy in the Late Jurassic‒Early Cretaceous interval 
presents problems for dating and correlation of KCF sequences. Difficulties in 
interregional correlation of the KCF particularly arise due to significant provincialism 
and diachroneity (Ross et al. 1992, Riding and Ioannides 1996, Poulsen and Riding 
2003, Rogov and Zakharov 2009). Ammonites are excellent zonal fossils; however, 
KCF deposits are commonly studied offshore, and the small diameter of cores imposes 
a severe limitation on the occurrences of identifiable ammonites. Dinoflagellate cysts 
are prime biostratigraphical indices for offshore sections due to their high abundance, 
diversity, relatively rapid evolution and relatively limited provincialism, in contrast to 
ammonite assemblages of the Late Jurassic and Early Cretaceous (Riding & Ioannides 
1996, Wierzbowski et al. 2002). The current dinoflagellate zonation scheme for Sub-
Boreal Europe (Poulsen and Riding 2002) incorporates a detailed dinoflagellate 
biostratigraphy study of the KCF type section by Riding and Thomas (1988).  
 
1.2. The KCF type section: implications for wider study 
Extensive studies have been carried out the KCF, most particularly on its type section in 
Dorset. The KCF type section in Dorset has been extensively studied in terms of its 
stratigraphy and biostratigraphy (e.g., Arkell 1933, Cope 1967, 1978, Cox and Gallois 
1981, Wignall 1991, Riding and Thomas 1988, Gallois 2000, Gallois and Etches 2001, 
Brerton et al. 2001, Morgans-Bell et al. 2001). The most recent comprehensive 
stratigraphical study of the type section, including a high-resolution C-isotope record, 
was completed by Morgans-Bell et al. (2001) as part of the Rapid Global Geological 
Events (RGGE) Project which developed a high-resolution database for a subsequent 
consortium of research on KCF climatic (e.g., Sellwood et al. 2000, Hesselbo et al. 
2009), environmental (e.g., Raiswell et al. 2001, Lees et al. 2004) and stratigraphic 
signatures (e.g., Jenkyns et al. 2002, Tyson 2004).  
In Dorset, the Kimmeridge Clay coastal exposures occur in three regions (Cox and 
Gallois 1981) (Figure 1.3):  
1) between St Alban’s Head to the east and Brandy Bay to the west (core of the 
anticline) 
2) from Black Head to Osmington Mills and Ringstead Bay, the Kimmeridgian is 
only partly exposed and is most often obscured by landslip 
3) at Wyke Regis in Weymouth Harbour (lower part only) 
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Figure 1.3. Map of the KCF type section in Dorset, UK, with key localities and stratigraphic beds. YL 
=Yellow Ledge, WSB =White Stone Band, FS =Freshwater Steps. Kimmeridge Clay outcrops are shown 
in pink.  
Three continuously cored boreholes were drilled in quarries nearby to the coastal 
exposures, at Swanworth Quarry [SY 9675 7823] and Metherhills [SY 9112 7911], to 
expose the complete type section (as part of the RGGE Project; Gallois 2000, Morgans-
Bell et al 2001). Integrated stratigraphic studies on the KCF type section further enabled 
construction of a cyclostratigraphicly constrained age model (Weedon et al. 2004, 
Huang et al. 2009), securing a well-calibrated chronometric framework for the KCF 
type section. Subsequently, perturbations in the carbon cycle and climate as recorded at 
the type section are very well dated in the Kimmeridgian‒mid-Tithonian interval. The 
type section is therefore an excellent a reference section for interbasinal correlation of 
the KCF. 
 
1.2.1 Stable carbon isotope stratigraphy 
There are two stable isotopes of carbon, 12C and 13C. The ratio between the two in 
global carbon reservoirs varies due to fractionation effects (Farquhar et al. 1989, Kump 
and Arthur 1999, Jarvis et al. 2015). Fractionation of carbon in terrestrial and marine 
sediments is controlled by environmental processes, such as increased burial of organic 
carbon, increased productivity and decreased oxidation of organic matter (Jenkyns et al. 
2015). A δ13C signal is derived from both oxidised organic carbon and reduced 
carbonate carbon fluxes, and records changes in carbon surface water reservoirs at the 
time of deposition; C-isotopes have a relatively short residence time in the Earth’s 
ocean-atmosphere system (c. 100 kyr) (O’Leary 1988, Farquhar et al. 1989, Kump and 
Arthur 1999). Carbon isotope stratigraphy (Freeman and Hayes 1992, Hayes et al. 1999,  
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Kump and Arthur 1999) is a powerful tool for interregional correlation (e.g., Gale et al. 
1993, Jarvis et al. 2006, 2015).  
Chemostratigraphy is anchored to accurate biostratigraphy, but can correlate and date 
successions at a far higher resolution than by using biostratigraphy alone. However, 
complications arise with successions that are heavily diagenetically altered, or δ13C 
records which are overprinted by localised mechanisms (e.g., upwelling, which contains 
oxidized carbon that can overprint a negative C-isotope signature (e.g., Sælen et al. 
1998). Additionally, C-isotope records sourced from organic carbon are more 
susceptible to variations in the changing composition of bulk organic matter. 
Nevertheless, these factors are accounted for in the KCF type section C-isotope record 
Figure 1.4. Location of the studied section in 
north-western Europe in the Late Jurassic (based 
on maps of R. Blakey, http://deeptimemaps.com 
and Decourt et al. 2000). 
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which serves as a useful reference for carbon cycle perturbations in the Kimmeridgian‒
mid-Tithonian interval. (e.g., Morgans-Bell et al. 2001, Katz et al. 2005, Hammer et al. 
2012, Zakharov et al. 2014, Koevoets et al. 2016, Price et al. 2016). 
 
1.3. Aims of the study 
The focus of this study is the interregional correlation of the KCF using an integrated 
stratigraphical approach. This study applies biostratigraphy in conjunction with C-
isotope stratigraphy to increase dating precision of several wells from the Norwegian 
Continental Shelf (Figure 1.4, previous page). This is carried out by matching 
synchronous C-isotope perturbations between well dated onshore sections, to the 
offshore sections studied here. The age models produced for the Kimmeridgian‒mid-
Tithonian wells are tested by cyclostratigraphic correlation to the well calibrated KCF 
type section at Dorset. Time series analysis tests the response of sedimentary parameters 
in each succession to Milankovitch forcing (House 1995, Weedon et al. 2004, Huang et 
al. 2009).  
These techniques have been extended to better understand the age of the Tojeira shales 
of west-central Portugal as they outcrop at the Tojeira-1 section. High-resolution 
biostratigraphic dating of this section is hampered by lack of internal biozonation, and 
therefore a a finer age constraint is proposed by cyclo- and chemostratigraphic 
correlation. 
In addition, the construction of high-resolution age models provides a framework for 
discussion of climatic controls on sedimentation, and permits calibration of regional or 
global carbon cycle perturbations. Trends in clay mineral assemblages of each studied 
well from the Norwegian Continental Shelf are investigated for palaeoclimatic signals 
that contribute to the understanding of climate change during the Late Jurassic and 
Early Cretaceous.  
 
1.4. Contribution of research 
This Ph.D. has been funded by the Norwegian Offshore Stratigraphic Lexicon 
(NORLEX) and the Geologic TimeScale Foundation. The contribution of research and 
acknowledgements for each results chapter is provided below.  
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Chapter 4: The concept of this study, the interregional correlation of the Kimmeridge 
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Gradstein and Andy Gale. They provided insight to initiate this project, and support and 
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of their published data. Thanks are extended to Dr D. Loydell and Professor A. Götz for 
helpful and constructive discussions, Drs S. Nicoara and M. Gilmour from the OU 
stable isotope lab, and to three anonymous reviewers whose valuable suggestions and 
comments greatly improved the manuscript. 
 
Chapter 5: H.E.T wrote the entirety of this manuscript excluding sections 5.3.2 and 
5.3.4, which were written by Professors F. Gradstein and D. Watkins, respectively. 
H.E.T. extended section 5.3.2 to include a regional comparison of foraminifera 
occurrences. F.G. additionally contributed to section 5.2. In the field, all authors 
sampled the section. Professor A. Gale produced the sedimentary log and the figure 
included in this chapter was digitised by H.E.T. The senior author thanks Lundin 
Petroleum, Norway for providing a travel grant (and M. Charnock for the organization 
of such), the University of Portsmouth for a Placement Scheme Award, Dr S. Batenburg 
for Time Series Analysis training and support, G. Bell and N. Walasek for palynological 
training and support, and M.C. Blanc and others for a productive stay at the Applied 
Petroleum Technology facilities (APT), Oslo. Gratitude is extended to Dr. S. Nicoara at 
the Open University, UK, for stable isotope and TOC measurements and Dr. D. Loydell 
for a useful discussion. We thank Profs. J. Ogg and D. Martill, and Dr A. Waśkowska 
whose reviews improved the manuscript. 
Chapter 6: H.E.T wrote the entirety of this chapter which was reviewed by Dr J. 
Huggett, and Professors D. Martill and A. Gale. Dr J. Huggett provided H.E.T. with 
training on clay mineral science and assisted with SEM analysis, and Professor S. 
Hillier gave useful advice on semi-quantitative analysis. Thanks to J. Dunlop for 
assistance operating the SEM-EDS and XRD. Likewise, thanks to E. Butcher for 
support using the XRD.  
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Chapter 2. Geological settings 
 
2.1. Palaeogeography 
During the Late Jurassic and Early Cretaceous, north-western Europe was covered by 
epicontinental shelf seas surrounding low relief massifs, linked by a network of narrow 
seaways in the south (Dercourt et al. 2000, Brikiatis 2016). To the north, an expanding 
N-S Seaway (the Norwegian-Greenland Seaway) was flanked by the Fennoscandian 
(Baltic) Shield to the east and the Laurentian Shield to the west. The seaway and 
southern Europe progressively opened from south to north as the Atlantic rift 
propagated northwards (Roberts et al. 1999). The Atlantic rift joined with the 
southwards propagating Arctic rift during a major extensional phase during the 
Callovian‒early Kimmeridgian (Late Jurassic), and rifting continued through to the 
Early Cretaceous (Roberts et al. 1999, Skogseid et al. 2000, Coward et al. 2003). From 
the Barents Sea and through the Norwegian-Greenland Seaway, were deep rift basins 
which were connected to the North Sea Rift, a three-branched system comprising the 
Viking Graben, Moray Firth basins, and the Central North Sea Trough (Erratt et al. 
1999, Coward et al. 2003). The KCF was deposited within the network of extensional 
deep rift basins across much of north-western Europe (Taylor et al. 2001). 
 
Figure 2.1. Global palaeogeography of the Late Jurassic based on maps of R. Blakey 
(http://deeptimemaps.com) and Dercourt et al. (2000). The position of north-western Europe in the Late 
Jurassic is outlined. 
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2.2. Geological settings of study areas 
2.2.1. The Wessex Basin 
The Wessex Basin is an extensional basin located within the South Dorset-Isle of Wight 
structural belt (Stoneley 1982, Lake and Karner 1987, Newell 2000). The Wessex Basin 
includes much of central and western southern England and extends southwards into the 
English Channel (Taylor et al. 2001). The Wessex Basin has a highly variable 
topography due to a complex subsidence history; episodes of active faulting, shifting 
depocentres and structural inversion in the Cenozoic have resulted in fragmented record 
of the KCF in this region (Chadwick 1986, Newell 2000, Taylor et al. 2001).  
During the Kimmeridgian, the Wessex Basin occupied a mid-latitudinal position at 
approximately 32°N (Ziegler, 1990). Surrounding the Wessex Basin in the Late Jurassic 
were multiple archipelagos; to the northeast was the London-Brabant Massif, the 
Mendos High and Welsh Massif towards the northwest, and the Armorican Massif to 
the south (Dercourt et al. 2000) (Figure 4.1, Chapter 4).  
 
2.2.2. Geological settings of the studied sections from the Norwegian Continental Shelf 
The structural composition of the North Sea is characterised by a trilete rift system 
(Fraser et al. 2002). The Central Graben makes up the southeastern arm of the rift 
complex and the Moray Firth Basin, the north-west. The Viking Graben is the most 
northern arm of the rift and extends up to the Norwegian Sea (Fraser et al. 2002). 
Well 16/1-14 is located at 58° 53' 9.28'' N, 2° 12' 10.46'' E in the North Sea on the 
eastern margin of the Southern Viking Graben. It is situated in the Gundrun Terrace, 
west of the Utsira High, which is an intrabasinal structural high. Well 16/3-4 is located 
on its eastern side, as part of the Johan Sverdrup field, approximately 31.2 km to the 
south-east of well 16/1-14 at 58° 48' 11.36'' N, 2° 43' 8.3'' E. This central North Sea area 
would have been uplifted due to thermal doming prior to the Late Jurassic major rifting 
phase, and had subsided by the late Oxfordian. However, the Utsira High would still 
have been exposed sub-aerially during the latest Jurassic (Sørlie et al. 2014, Riber et al. 
2015). Its drowning in the late Tithonian-early Berriasian times is represented in well 
16/3-4 by the transition from Tithonian clastics (the Draupne Sandstone) to fine-grained 
marine shale (Draupne shales) (Riber et al. 2015). 
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Figure 2.3. Simplified structural framework map of the North Sea showing key basins, grabens and highs 
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Sediments from well 33/12-10 were deposited in the Tampen Spur area of the North Sea 
(61° 7' 7.83'' N, 1° 56' 28.67'' E). A series of east-dipping fault blocks characterise the 
Tampen Spur, which resulted from the extensional regime in the mid-Jurassic to Early 
Cretaceous (Lee and Hwang 1993, Rattey and Hayward 1993). The Draupne Formation 
(equivalent to the KCF) occurs within syn-rift traps in this area (Dawers et al. 1999). 
Well 6406/12-2 is located at 64° 6' 13.08'' N, 6° 51' 43.06'' E on the southern margins of 
the Halten Terrace, Norwegian Sea. The Halten Terrace is a long platform separated 
from a basement horst block, the Frøya High, to the southeast by NE-SW striking 
Vingleia Fault Complex (Brekke 2000, Slagstad et al. 2011). Well 6406/12-2 is located 
2.5 km into the hanging wall of this fault complex (Elliot et al. 2005). The Late Jurassic 
and Early Cretaceous rifting phase increased fault-controlled deposition leading to 
deposition of the Spekk Formation in an open marine environment (Dalland et al. 1988, 
Elliot et al. 2005). 
Well 7120/2-23 is located at 71° 47' 20.97'' N, 20° 21' 44.23'' E in the ENE-WSW 
striking Hammerfest Basin, between the western Barents Sea platform and the 
Norwegian mainland (Berglund et al. 1986, Ostanin et al. 2012). A series of Late 
Jurassic-Early Cretaceous E-W striking faults, minor horsts and grabens characterise the 
basin (Indrevær et al. 2017). Upper Jurassic sediments were widely deposited in the 
Hammerfest Basin, and extended onto the Troms-Finmark Fault Complex which 
separates the southern limit of the basin to the Finnmark Platform (Figure 2.2) 
(Berglund et al. 1986, Grogan et al. 1999, Ostanin et al. 2012). The Hammerfest Basin 
is bordered to the north by the Loppa High which became uplifted and partially sub-
aerially exposed in the Late Jurassic (Faleide et al. 1993, Indrevær et al. 2017), and 
resulted in anoxic stagnation conditions in the adjacent Hammerfest Basin (Ostanin et 
al. 2012). 
 
2.2.3. Lusitanian Basin, Portugal 
The Lusitanian Basin is an ocean marginal basin, trending NNE-SSW, exposed in 
central Portugal on the western Iberian margin and developed during the break-up of 
Iberia and Canada (Leinfelder and Wilson 1989, Alves et al. 2002) (Figure 2.1). During 
the latest Oxfordian and earliest Kimmeridgian, there was an influx of siliclastic 
sediment over the entire basin which continued into the middle Kimmeridgian 
(Leinfelder and Wilson 1989, Leinfelder 1993), and led to the deposition of the Early 
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Kimmeridgian Tojeira Formation in the Arruda Sub-basin (of the Central Lusitanian 
Basin). The Arruda Sub-basin is a gently dipping domal structure and developed during 
the major Late Jurassic rifting episode (Leinfelder 1993). Its north-western margin was 
formed by the NE-SW trending Torres Vedras-Montejunto anticline which initiated 
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Chapter 3. Materials and Analytical Techniques 
 
This chapter describes the methods applied and materials used in this PhD project. It 
additionally discusses those techniques investigated and tested, that were either 
unsuccessful or considered unsuitable to achieve the aims of Chapters 4-6 within the 
given timeframe. In these chapters are short method sections: more detailed accounts 
are provided here.  
 
3.1. Materials 
The Kimmeridgian–Berriasian shales of four exploration wells (16/3-4, 16/1-14 
(consecutive cores 1 and 2), 33/12-10 S and 7120/2-3 (consecutive cores 5 and 6) of 
Lundin Petroleum were photographed and sampled at Weatherfords Laboratories, 
Stavanger. Selected photos from each core are shown in figures 3.1-4, p. 16-19, 
excluding well 33/12-10 which photographs are not available for. Approximately 25 g 
of sample were removed from one side of the ‘A’ cut section (sampling half) of each 
core. An additional well, 6406/12-2 of Statoil, was sampled by Alevtina Dorn, at the 
Norwegian Petroleum Directorate Core Store, Stavanger. Of 16/3-4, 26.65 m of core 
was sampled; 26.15 m of core 1 and 10.7 m of core 2 of 16/1-14; 25.95 m of 33/12-10; 
27 m of 6406/12-2; 14.4 m of core 5 and 8.2 m of core 6 of 7120/2-3. All cores were 
sampled approximately every 25 cm, except for 6406/12-2, which was restricted to 
sampling every metre by NPD regulations. 
 
The Tojeira-1 section locality is described in Chapter 5. The section was sampled from 
base to top, every metre where possible (avoiding marlstone/limestone bands), 
generating 48 samples. At each sampling level, a small hole was dug in order to access 
fresh material not contaminated by modern sediment or material fallen from 




Full biostratigraphy single-well reports with range charts for wells 16/1-14, 16/3-4 and 
33/12-10 were provided by Lundin Petroleum having been produced by Applied 
Petroleum Technology, Oslo. Additionally, the palynological range chart of well 
6404/12-2 was provided for analysis. Palynological event tables and range charts were 
used to identify the occurrences of key index taxa. The report for well 7120/2-3 was 
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also provided by Lundin Petroleum, produced by Fugro Robertson. The Tojeira-1 
section samples were processed for palynology at UoP by the author and index species 




Figure 3.1. Core photographs of well 6406/12-
2 at 3731-3736 m (A), 3741-3746 (B), 3746-
3751 m (C). Photographs are available on the 
NPD fact pages 
(http://factpages.npd.no/factpages/).  
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Figure 3.2. Core photographs of well 7120/2-3 at 2002-2005 m (A), 2007-2011 m (D), 2011-2014 m (H) 
and 2014-2016 m (I). Well laminated shale (e.g., C at 2003.82-9 m) is continuous throughout the section, 
frequently interrupted by calcite infilling of fractures (e.g., B at 2004.24 m). Unidentified ammonites (E is 
possibly Gravesia) (E-F) were found at 2013 m and 2014.3 m, respectively, and Nannocardioceras was 
identified at 2013.96 m (G). Scale bars equal 20 cm for A, D, H-I; 5cm for B-C; 3 cm for E-F; amd 2 mm 
for G.  
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Figure 3.3. Core photographs of well 16/3-4 at 1913-1915 m (A), 1916-1918 m (D) and 1924-1927 m (F). 
Transition from marl to silt is shown in A and B 1913.28 m, and bioturbation within the overlying marl is 
shown in B. The shale is well laminated as shown in E (at 1915.5 m) and pyrite nodules are infrequent 
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Figure 3.4. Core photographs of well 16/1-14 showing continuous laminated shale and frequent bioclasts.  
A, 2387-2392 m; B, 2394-2396 m; C, 2396-2399 m; D, 2405-2409 m. Scale bars equal 25 cm. 
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3.2.1. Palynological processing 
Samples were selected at regular intervals throughout the Tojeira-1 section for standard 
palynological HCl-HF-HCl processing. The techniques employed within SEES, UoP, 
are based upon those of Sutherland (1994), but with several modifications in terms of 
both specimen extraction and preparation (Anthony Butcher, pers. comm.). Standard 
safety procedures when working with hydrofluoric acid (HF) were adhered to and 
included: wearing a full protection suit, HF resistant gloves, boots and a face shield, 
working under a fume hood (Figure 3.1), alongside a spotter and with access to calcium 
gluconate gel and a calcium hydroxide spill kit. 
 












Processing firstly involved disaggregation of c. 25 g of crushed, clean sample by 
introducing c. 150 ml of concentrated HCl in small increments (in case of vigorous 
reaction). Hydrochloric acid removes calcium carbonate which may lead to formation of 
insoluble calcium fluoride. The original weights of each sample and reactivity to HCl 
were recorded. The following day the HCl was diluted with c. 350 ml of deionised 
water, left to settle for at least 12 hours, decanted (into a slurry of calcium hydroxide for 
neutralisation) and refilled with 500 ml of deionised water. The supernatant was 
decanted and the containers were refilled with deionised water twice more. To remove 
silicates, c. 50 ml of concentrated hydroﬂuoric acid was added carefully to each sample, 
and left for one day. After this, each bottle was topped up with c. 500 ml of water, left 
for at least 12 hours for the sediment to settle out of suspension, and the supernatant 
decanted into the sodium carbonate neutraliser. Subsequent washing was repeated twice 
more. After the final wash, the HCl process was repeated on each sample, in order to 
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make safe any remaining fluoride ions. Throughout the series of HCl and HF 
procedures, each container is swirled occasionally to allow complete exposure to the 
acid in the first instance, and to assure complete dilution during successive washes. 
After the final HCl wash, the supernatant was decanted and each bottle was refilled with 
water and left to settle five more times. To assure that each sample and its container was 
neutralised before removal from a fume hood, a small amount of dilute solution of 
sodium carbonate was added until an indicator liquid showed neutrality.  
 
Once neutralised and removed from the fume hood, each sample was sieved in a clean 
environment and separated into three fractions: >500 μm, 53–500 μm and 10-53 μm. 
The coarse material was transferred to a 50 ml centrifuge tube, but was not studied as no 
appreciably useful specimens were apparent. For the remaining fractions, the organic 
material was separated from any remaining mineral residue by using sodium 
polytungstate (SPT), mixed to a speciﬁc gravity (SG) of 2.1, via a technique modified 
from Gelsthorpe (2002). The SPT allows the organic material to float while any 
remaining minerals (which have a higher SG) will sink, e.g., pyrite. After leaving the 
samples to separate, ideally overnight, the organic material at the surface was poured off 
from each centrifuge tube, sieved and washed with deionised water, then finally 
transferred into new storage vials for each sample and sieve fraction. The centrifuge 
tubes were topped up with SPT, and the above process repeated a further 3-5 times to 
ensure that all palynomorphs were retrieved from the residue. 
 
Calculating absolute/relative abundance of palynomorphs is beyond the scientific needs 
of Chapters 4 and 5. Therefore, although the volume of sample placed onto a slide was 
kept mostly consistent, it was not measured. Five clean slides and cover slips per size 
fraction (not including >500 μm) were heated on a hot plate at 65 °C. Each sample 
container was filled to 25 ml with dionised water, gently agitated, and a random 0.25 ml 
was extracted from this mixture and transferred onto each cover slip. However, where 
the concentration appeared too sparse, some water was decanted from the container and 
of the remaining mixture, 0.25 ml was applied to a cover slip instead. A drop of dilute 
polyvinyl alcohol (PVA) was added to each cover slip to facilitate equal dispersion 
across the cover slips, which were then left to dry for 10-15 minutes. Thereafter, a drop 
of Norland 61 Optical Adhesive was added to each slide, which were then turned upside 
down and gently pressed onto each respective cover slip. The adhesive dries under UV 
light in c. 2 minutes, forming a permanent, perfectly clear mount. 
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3.2.2. Ammonites 
In core 6 of Barents Sea well 7120/2-3, fragments of ammonites are common. They are 
found by splitting the core with a hammer and chisel where an ammonite is exposed at 
the core margin. Photography of each specimen was undertaken initially at 
Weatherfords Laboratories to record both positive and negative reliefs. Only the 
positive relief fossils were taken for further study due to laboratory restrictions on 
sample weight and size (e.g., a whole layer cannot be removed). These specimens were 
photographed using a Zeiss optical microscope at SEES, UoP (Figure 3.2). 
 
3.2.3. Coccoliths 
Initially, a biostratigraphic study on coccoliths from each studied well was intended to 
supplement the existing dinoflagellate data. However, despite investigating different 
methods of exposing coccolith assemblages, it became clear that there was not a 
sufficient number of useful taxa present in sufficient abundance for a biostratigraphic 
study within this PhD. The techniques tested are described below. 
 
3.2.3.1 Slide preparation and light microscopy 
The conventional method for coccolith identification is to produce smear slides for 
petrological microscope analysis. This method is based on Bown (1998), but, some 
minor alterations were applied following Jeremy Young pers. comms. First, a small part 
of fresh fine sample was scraped onto a glass slide and mixed with a few drops of 
distilled water. Approximately 3 ml of ammonia was added to the distilled water 
container to act as a buffer. Whilst drying, the sample was continuously smoothed from 
one side of the slide to the other using a flat edged wooden toothpick. The slides were 
then completely dried on a hotplate (set at 60 °C) for c. 1 minute. Once dry, a drop of 
Norland 74 Optical Adhesive was placed on the middle of a cover slip, which was then 
inverted onto the middle of the glass slide. The adhesive dried under UV light in c. 5 
minutes. Although this technique is quick and relatively easy, there was a large amount 
of fine sediment and organic matter on each slide which would often obscure any 
coccoliths present. Other techniques were tested to reduce the proportion of 
sediment/organic matter and these included gravity settling and short centrifugation.  
 
Both gravity settling and centrifugation separate particles of different sizes and 
densities. Gravity settling is an ideal non-destructive technique for isolating coccoliths 
quickly from muddy sediment. A disadvantage of centrifugation is that it can be 
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destructive to larger coccoliths. The gravity settling technique was tested on two 
samples from levels where coccoliths had been recognised by light microscopy. A 
sample was first crushed and placed in a beaker with c. 250 ml of distilled water. The 
suspension was then stirred and left for 1-2 minutes, stirred again and left for 15 
minutes. After decanting the supernatant, smear slides were made from the residue. The 
length of time the suspension was left to settle was extended to 10 minutes and then 30 
minutes. However, neither settling periods produced useful results.  
 
The short centrifugation method was subsequently tested. This method produces a 
diluted suspension after two centrifugations to separate particles >30 μm in the first 
instance (at 350 min-1 for 15 seconds), and <2 μm (at 1000 min-1 for 30 seconds) in the 
second (Bown 1998). The supernatant was discarded both times and left in distilled 
water to settle out of suspension. If the supernatant wasn’t clear after c. 15 seconds, the 
second centrifugation process was repeated and the concentration was left to resuspend 
again. The residue was made in to smear slides on a cover slip and examined under light 
microscopy. Although removal of sediment was successful, only two long-ranging 
species were identifiable. This further suggested that the coccolith assemblage in the 
samples studied have a diversity too low to perform a biostratigraphic analysis on, 
rather than there being a biased representation of the assemblage by poor extraction 
techniques.  
 
A microscope with cross polarised light (XPL) was necessary for finding coccoliths 
under light microscopy, in addition to a high quality x100 oil-immersion objective lens 
and an accessory gypsum plate. Coccoliths show diagnostic extinction crosses in XPL 
that are particularly distinctive when viewed with an accessory plate. A gypsum plate 
will produce first-order red interference colours and show a crystal’s maximum 
birefringence when its crystallographic axis is oriented diagonally.  
 
3.2.3.2. SEM 
Scanning electron microscopy (SEM) uses a high energy electron focused beam of 
electrons to magnify a sample in a vacuum. When the beam of electrons hits the sample, 
an image is produced from the interaction of the beam with the secondary electrons that 
bounce off the topography of a sample (Reed 2005). Scanning electron microscopy 
builds high-resolution images at a magnification of up to x100,000 and is therefore ideal 
for coccolith studies. Small smear slides were produced for study with a scanning 
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Figure 3.6. Comparison between 
a typical field of view for well 
16/1-14 (coccoliths are rare) and 
for the White Stone Band, Dorset 
(Watznaueria fossacincta are 
abundant). Both samples have 
been prepared using the same 
method, the smear slide method. 
An absence of coccoliths in the 
studied sections is, therefore, not 
due to poor processing 
techniques. Scale bar is 













electron microscope (SEM) from sample horizons where coccoliths were found using 
the petrological microscope. Only a negligible number of coccoliths were identified on 
each slide; there was often an overwhelmingly high proportion of sediment and organic 
matter to search through. Initially, rock samples were studied using a SEM, but no 
coccoliths were recovered on freshly revealed surfaces. To do this a piece of sample 
was split along a plane of weakness and a fragment was mounted onto a SEM stub. 
Carbon adhesive disks sufficiently adhered the smear slides to the stubs, but for the rock 
fragments, conductive cement was additionally applied. A path of Electrodag paint was 
painted on from underneath the stub to the side of the sample. This assured a complete 
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3.3. Total organic carbon and C-isotopes 
The ratio of 13C/12C, normalised to the international standard (VPDB), is an isotope 
signature which represents the fractionation of the two stable isotopes of carbon 
(O’Leary 1988, Hayes et al. 1999). The stable isotopes fractionate as a result of 
environmental processes, and the ratio is consequently used as a proxy for 
biogeochemical and climate changes through time. Such processes which lead to 
enrichment of 13C are influenced by multiple factors, such as preferential uptake of 12C 
from surface waters by phytoplankton, increased carbon burial and the amount and type 
of organic biomass (Freeman and Hayes 1993, Hayes et al. 1999, Kump & Arthur 1999, 
Jenkyns et al. 2002, Jarvis et al. 2015).  
 
C-isotope values for carbon sequestered in sediments are derived from oxidized carbon 
(carbon, δ13Ccarb) and reduced carbon (organic matter, δ13Corg) (Jarvis et al. 2015). Due 
to a higher resilience against diagenesis, the C-isotope signature preserved in 
sedimentary carbonate (δ13C) is more widely utilised in chemostratigraphy than δ13Corg. 
However δ13Corg is best used in black shale facies, where there is too little carbonate for 
reliable δ13Ccarb analysis. For this reason, δ13Corg records have been produced for the 
mudrock sections studied in this PhD. The δ13Corg records of each studied well are 
analysed in Chapter 4, and in Chapter 5, the δ13Corg record of the Tojeira section is 
discussed.  
 
3.3.1. Bulk carbon isotope analyses 
Bulk sediments were ground and homogenised, using laboratory glassware and a mortar 
and pestle, which were cleaned in a series of steps, using ultrapure 18.2 MΩ cm-1 water, 
methanol, and dichloromethane (DCM). Samples were de-calcified, to remove the 
carbon isotope signal of the carbonate, by gradually adding a 5 % HCl solution to 2–3 
mg of sample, and subsequent heating to 45–60°C for several hours. Samples were 
subsequently washed with 18.2 MΩ cm-1 water, which was repeated until the solution 
was neutral. Following training at the Open University by Dr Mabs Gilmour, between 
1–3 mg of dried sample were sealed within a Sn (tin) bucket and weighed to the nearest 
milligram. This was carried out in a clean environment; a glass mirror allowed any 
fallen dust or ripped tin buckets to be clearly seen, and utensils and the mirror were 
washed after each sample with distilled water, followed by methanol and then 
dichloromethane.  
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Samples were sent to the stable isotope geochemistry laboratory at the Open University 
where Dr Mabs Gilmour and Dr Simona Nicoara (after Dr Gilmour’s retirement) 
analysed the samples by 1020°C combustion on a Flash 2000 Organic Elemental 
Analyzer coupled to a Thermo Scientific MAT 253 stable isotope ratio mass 
spectrometer. Raw δ13Corg values were corrected to the VPDB scale using international 
standards (IAEA CH-6 Sucrose, NIST 8573 Glutamic acid (L) and IR-R041 Alanine 
(L)). Repeated measurements gave a reproducibility of 0.1 ‰ (1 σ) for each of these 
standards (see Table 3.1).  
 
Table 3.1. Averages (Av) and standard deviations (STD) for n (= 62, or 56, or 58) determinations of 
'delta' values for Standards IAEA CH-6 Sucrose, NIST 8573 Glutamic acid (L) and IR-R041 Alanine (L), 
corrected to the VPDB scale. 
Standard: IAEA CH-6 
Sucrose 
NIST 8573 
Glutamic acid (L) 
IR-R041 Alanine 
(L) 
n 62 56 58 
Av * (‰) -10.143 -25.356 -22.550 
STD (‰) 0.106 0.064 0.095 
 
 
Figure 3.7. A 3-point calibration of the average standard deviation (‰) for standards IAEA CH-6 
Sucrose, NIST 8573 Glutamic acid (L) and IR-R041 Alanine (L). 
 
Carbon isotope fractionation is measured in parts per thousand (‰) and calculated 
according to the equation below. 
 
δ13C ‰ = [(13C/12Csample - 13C/12Cstandard) / (13C/12Cstandard)] * 1000 
 









-30 -25 -20 -15 -10 -5 0
3-point calibration (δ13C VPDB)
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The lower half of well 16/1-14 contains a sandstone reservoir unit. All oil must be 
removed from a sample before analysis on the elemental analyzer due to a risk of 
combustion and contamination of the primary δ13C value. Therefore, before the samples 
from this section were prepared for mass spectrometry, they were thoroughly rinsed and 
mixed in water and Savona Natura detergent, in a series of washes, which removed the 
oil but not the small amount of carbon in the sediment (mostly held within pyrite as 
there is little to no AOM). A test sample (1921.81 m) was analysed at the Open 
University, UK by thermodesorption followed by GC-MS. There was no indication of 
petroleum found, and therefore, the cleaning pre-treatment process was demonstrated to 
have been successful at removing the oil.  
 
3.3.2. Chemostratigraphy 
Dating resolution by chemostratigraphy can be far higher than by biostratigraphy (e.g., 
Jarvis et al. 2015): biozones indicate age ranges, whereas C-isotope events are 
synchronous, thus their occurrence represent a more precise age. Fundamentally, 
however, C-isotope correlation needs to be constrained by accurate biostratigraphy. 
After these age restrictions were considered for the studied sections, the C-isotope 
records were examined for distinctive signatures that was recognisable in other 
(published) records, i.e., inflection points, the peak maximum, end tail or onset of a 
positive/negative isotope excursion. This method was carried out by eye using 
Microsoft Excel (i.e., overlying one C-isotope record on another of an equivalent age 
range). Key points in the C-isotope record that corresponded with coeval sections are 
identified as tiepoints. 
 
The age model produced for each studied well is based on either the age model of the 
Kimmeridge Clay type section at Dorset, UK (for the Kimmeridgian–Tithonian records) 
or the Nordvik section, Russia (for the Late Tithonian–Early Berriasian records) 
(Chapter 4). The 405-kyr chronology constructed by Huang et al. (2010) consists of 18 
astronomically-constrained dates throughout the Dorset KCF section. A reference age 
model was produced for the Kimmeridgian–Tithonian by linear interpolation in between 
those dates, according to the following calculation (where 1 represents the depth or 
calculated age of the level before the last, and 2 corresponds to the immediate previous 
level). 
 
Age = age2 - (age1 - age2) / (depth1-depth2) * (depth2-depth3) 
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Ages from the existing Dorset age model were transferred to the Kimmeridgian–
Tithonian studied sections at tiepoints. A Nordvik section age model was produced by 
linear interpolation between GTS2016 dates for biozone boundaries identified in the 
section by Zakharov et al. (2014). After the age models were constructed for the studied 
sections, relative sedimentation rates were measured by the following calculation.  
 
Sedimentation rate = (depth2 – depth1) / (age2 – age1) 
 
The sample level calculated by this equation corresponds to 1, and the previous 
sampling level is represented by 2. This was based on the age model (in kiloyears) 




Cyclostratigraphy has been incorporated into the integrated correlation of the KCF to 
enhance the stratigraphic correlation of the sections involved. Good cyclostratigraphic 
correlation of the studied wells with the well calibrated and astronomically tuned Dorset 
section, supported the age models produced for each well.  
 
3.4.1. Time series analyses 
Time series analysis is a statistical process which extracts the meaningful characteristics 
of a dataset from insignificant behaviour. Time series analysis was performed on the 
TOC of wells 16/1-14, 7120/2-3 and 33/12-10 as cyclicity in both the TOC and δ13C 
could be picked out by eye. The predominant test for cyclicity was carried out via power 
spectral analysis using Redfit3.8 (Schulz and Mudelsee, 2002), which is a program 
specifically designed to analyse time series with uneven sampling rates. Red 
(autocorrelated) noise spectral analysis using Redfit3.8 shows all regular components in 
a time series, and reveals those periodicities that dominate the series as significant peaks 
on a peridogram. These peaks have large relative power (= squared average amplitude) 
which is plotted along the y-axis. The tallest spectral peaks correspond to the largest 
wavelength amplitudes of oscillation in the time series. The larger the peak the greater 
its influence on the general shape of the time series. The significance of spectral peaks 
against background values can be distinguished by using false-alarm levels 
recommended by Schulz and Mudelsee (2002).  
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In Chapters 4 and 5, spectral peaks were differentiated from background noise where 
they exceeded a false-alarm level of 85%. Frequency of a periodicity is plotted along 
the x-axis; the longest oscillations appear on the left and shortest on the right. Power 
spectra for the studied wells were plotted in both depth and time domains, the latter 
based on age models deduced from bio- and chemostratigraphy. Frequency was 
measured in either cycles per metre, or cycles per kiloyear and was calculated by 
dividing a peak’s maximum value by 1 (frequency = 1/period) (Weedon 2002). A 
Welch window and an oversampling factor of 6 were selected. These variables were 
chosen as they favour noise reduction. An oversampling factor corresponds to the 
number of equal segments the time series is split in to, and averaged. The Welch 
method produces a peridogram that overlaps these segments and detrends and detapers 
the data (Ifeachor and Jervis 1993). Power spectra reveal statistically dominant 
periodicities in a time series by their average value, yet cannot be used to imply how the 
amplitude of a periodicity varies along the length of a time series. Therefore, non-
stationary time series analysis was carried out to analyse the strength of the dominant 
periodicities throughout each section. 
 
The behaviour of dominant periodicities over the data series was investigated with 
bandpass filters applied in AnalySeries (Paillard et al. 1996) for the studied wells, and 
with wavelet spectra, using a Matlab script (Grinsted et al. 2004). Band pass filters 
applied to the Tojeira-1 dataset were produced using Past v.13 (Hammer et al. 2001). 
Filtering the time series allows removal of unwanted frequency components, i.e., noise, 
leaving an isolated signal or set range of frequencies throughout the series. In the time 
domain, if a Milankovitch cycle is suspected by the appearance of a spectral dominant 
peak that resembles that of an astronomical parameter, this can be tested by restricting 
the range of frequencies. Gaussian bandpass filtering was carried out on wells 7120/2-3 
and 16/1-14; the peridogram of 33/12-10 did not show a convincing astronomical 
periodicity. Another non-stationary analysis was carried out by producing wavelet 
spectra which are a visual representation of the relative power of all frequency 
components across the length of a time series, from youngest on the left side of the x-
axis to oldest on the right. A ‘powerful’ periodicity is represented by a red ridge that 
continues across the x-axis, at a frequency (on the y-axis) of the corresponding 
peridogram spectral peak. For both bandpass filters and wavelet spectra, reliability 
decreases towards the ends of the dataset.  
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3.5. Calcimetry 
Calcimetry provides an indication of total calcium carbonate content in a sample. Dilute 
acetic acid breaks down CaCO3 by producing water, carbon dioxide and calcium 
acetate, as shown in the equation below.  
 
CaCO3 + 2CH3COOH → Ca(CH3COO)2 + H2O + CO2 
 
The amount of CaCO3 was calculated by grinding c. 20 g of sample, recording the 
precise weight and transferring the sample to a labelled beaker. Subsequently, 30% 
acetic acid (mixed with 80:20 distilled water, acetic acid) was poured into the sample 
beaker. An initial quick reaction to acetic acid indicates calcite; however, if dolomite is 
present, it will have a continued, less obvious reaction. Therefore the samples were left, 
stirring occasionally, for 1 week until the reaction ceased, then dried and re-weighed.   
 
This method was applied to the Tojeira-1 section samples to test if cyclicity is present in 
the CaCO3 record of the section (Chapter 5). Time series analysis, as described above, 
was carried out on the results. There is no apparent cyclicity in the CaCO3 record and no 
discernible chemostratigraphic correlation was made. More exact measurements, which 
distinguish between the amount of calcite and dolomite, could have been made by using 
a calcimeter. A calcimeter measures the rate of reaction and amount of CO2 released 
from exposure to dilute hydrochloric acid; however, this precision was not necessary 
because only the total CaCO3 wt% was required.  
 
 
3.6 Clay mineralogy 
The scope of the clay mineralogical study in this PhD (Chapter 6) was focused on 
identifying trends in the abundance of clay minerals, and to test for possible diagenetic 
alteration to the clay dataset. This required a number of techniques as described in this 
section.  
 
3.6.1. Clay processing 
Correctly processing clay for XRD analysis is integral to producing well orientated 
samples and is therefore crucial for semi-quantitative analysis. The method for 
preparing and scanning oriented clay fractions used in this PhD (Chapter 6) is described 
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below. Techniques are based on guidance from an XRD training workshop led by Dr 
Jenny Huggett at The University of Portsmouth (23-24/02/2015), and from literature 
(e.g., Moore and Reynolds 1997). 
 
Samples were processed in batches of four, the maximum capacity of holders in the 
SEES’ centrifuge. On an XRD trace, organic material may increase the background 
noise and produce broad peaks which obscure those of clay minerals. Therefore, 
organics were firstly removed by treating c. 80g of crushed sample with c. 100 ml of 
dilute hydrogen peroxide (20% H2O2, 80% deionised water). The weak acid 
decomposes into water and oxygen, as shown by the equation below, and the organic 
matter is oxidised. The samples were left in solution overnight under a fume hood and 
rinsed once with deionized water the following day.  
 
2H2O2 → 2H2O + O2 
 
Each sample beaker was subsequently topped up with 100 ml of deionized water, and 
placed in to an ultrasonic bath at 45 °C for 8 minutes. The purpose of ultrasonic 
disaggregation is to separate enough crystallite material from the rock fragments for 
preparation. Afterwards, the upper two thirds of solution from each beaker were 
immediately decanted into centrifuge bottles, which were topped up with deionized 
water so that each bottle weighed within the same gram, and run on Program 1 in the 
centrifuge (at 1000 min-1 for 4 minutes). All particles in the supernatant were now a 
dispersed suspension of clay-size material < 2 µm in size. This fraction can also be 
achieved by gravity settling in tubes; however, this takes a long time so centrifugation, a 
far quicker method, was ideal.  
 
To prepare the material as an orientated clay aggregate, the supernatant from the four 
bottles was subsequently concentrated. After the first centrifugation, they were decanted 
into new centrifuge bottles and deionised water was added to the three lightest bottles to 
reach the weight of the heaviest. For the second centrifugation, Program 2 was selected 
(at 4000 min-1 for 20 minutes). Afterwards, the sample yield was concentrated at the 
base of the bottle. The ideal method to mount a slide for XRD analysis is by means of a 
vacuum hose attached to an aspirator – the filter transfer method (e.g. Hillier 2002). 
This method produces ideal XRD mounts in that they are smooth, flat, homogeneous 
and thick enough to absorb completely an X-ray beam between 3–25 °2θ. However, the 
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apparatus required for this method was not available, so the glass slide method, the most 
commonly used routine method (Moore and Reynolds 1997), was chosen. Suitable 
XRD mounts, as described above, were achieved by decanting all but c. 1 ml of the 
supernatant after the second centrifugation, and pipetting the concentrated sample onto a 
circular glass slide. The liquid was loaded onto the entire surface of the slide to form a 
slight meniscus, and was then left to dry at 50 °C. Minimal particle size segregation was 
aided by quick drying at c. 50 °C.  
 
3.6.2 XRD and diffraction patterns 
The XRD at SEES’ Electron Microscopy and X-Ray Laboratory is a PANalytical 
X’Pert3 which uses CuKα radiation and is operated at 40 kV and 35 mA. It is set at an 
operating range of 3–26 °2θ. X-ray diffraction is an essential and non-destructive 
technique for identifying the crystalline structure of clays. To produce a diffraction 
pattern, X-rays were projected onto a sample slide from the X-ray source and the 
reflection angle (equal to the incident angle) was returned to the detector. As the sample 
and detector rotated, the intensity of the reflected rays were recorded in counts per 
second (cps) forming a diffraction pattern. When conditions satisfied Bragg’s Law 
(nλ=2d sin θ), constructive interference occurred and a peak in the intensity of the 
reflected rays was recorded. Intensity and area of all clay mineral peaks were measured 
on Panalyticial Data Viewer. Peak areas are relative values measured in counts per 
second (cps) and defined as the peak height multiplied by the peak width at half-height. 
The intensity is recorded as the peak’s height (in cps) and is also a measurement of 
relative crystallinity; generally, the broader the peak, the more crystalline the mineral. 
 
 
3.6.3. Treatments  
Slides were analysed on the XRD in an air-dried state and the diffraction pattern 
produced was read to identify the presence and identity of clay minerals. Applying 
further treatments to the sample slides improved identification; certain clay minerals 
will diagnostically respond to certain treatments. Firstly, sample slides were placed in a 
desiccator with c. 100 ml of ethylene glycol and left for at least 8 hours exposed to the 
vapour of the reagent. Each slide was analysed on the XRD immediately, and 
individually, after being removed from the desiccator (as the glycol will begin to 
evaporate). The most characteristic change to the XRD pattern after glycol solvation is a 
diagnostic shift in peaks representative of smectite. Smectite has an interlayer space 
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with hydrated exchangeable cations. Therefore, smectite will absorb glycol and swell. 
Consequently, the position of smectite peaks in an air dry state will shift when 
glycolated (Bradley 1945).  
 
Another treatment applied to the sample slides in this PhD was heat. After each sample 
slide was scanned on the XRD after glycol solvation, they were placed in an oven at 550 
°C for 1 hour. The resultant XRD patterns showed those clay minerals which have 
expandable layers that collapse at this temperature (kaolinite, for example). Exposure to 
350 °C for the same amount of time revealed minor diagnostic changes. However, after 
treating some samples to both temperatures and analysing each resultant XRD pattern, 
the 350 °C treatment was considered too time-consuming for the addition of no 
significantly meaningful data for the clay mineralogical study of this PhD (Chapter 6). 
This study focuses on the use of kaolinite and illite, but neither clay mineral 
diagnostically changes after exposure to 350 °C. In fact, illite XRD peaks do not change 
at all after heat treatment, but kaolinite XRD peaks will have completely collapsed after 
the sample is exposed to 550 °C. At exposure to 350 °C, kaolinite peaks begin to 
collapse (Moore and Reynolds 1997). 
 
3.6.4. Semi-quantitative analysis 
Relative proportions of kaolinite and illite and measured based on their diffraction peak 
heights and areas summed to 100%. A ratio of these peak measurements is constructed 
in Chapter 6 based on the basal (001) reflections of kaolinite and illite at 7Å and 10Å, 
respectively. The first peaks of kaolinite and illite are chosen because they are the 
strongest reflections. Due care is taken to not measure the chlorite shoulder (if present) 
on the 001 kaolinite peak, and the smectite shoulder on the 001 illite peak. 
Measurements are taken on the glycolated trace so that the smectite is better separated 
from the 001 illite peak.   
 
3.6.4.1. Reference Intensity Ratios (RIRs) 
A reference intensity ratio is a relative measurement of the proportion of one mineral 
present in a mixture against another mineral. By scaling clay mineral diffraction 
measurements to those of standard reference measurements, clay mineral concentrations 
are semi-quantifiable (Hillier 2000). A series of RIR standard (pure) clay mineral 
constants were produced for each clay mineral: kaolinite, illite, smectite, illite/smectite 
mixed layers and chlorite (whereby chlorite was extracted from chloritic sandstone, 
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rather than ripidolite which is metamorphic and will not have diagenetic clay). To 
determine RIRs, each standard clay mineral was mixed with a basis mineral in fractions 
of 25:75, 50:50 and 75:50 to produce an average measurement (and to check 
reproducibility). Kaolinite was selected as the basis for normalization due to the 
abundance of sample available and to its relative stable XRD pattern. The kaolinite RIR 
was mixed with illite. The standards were run consecutively under the same laboratory 
and specific instrumental operating conditions as the studied samples. This ensured 
standardisation of RIRs to internal parameters. To produce an RIR, the peak area 
(defined above) of mineral a’s strongest peak was divided by the strongest peak of 
mineral b and multiplied by the mixture ratio. For example, the 001 kaolinite and 001 
illite peaks from the standard 50:50 kaolinite: illite mixture have net areas of 56 cps and 
10 cps, respectively. The resultant kaolinite RIR is 6 (50/50*56/10). 
 
In Chapter 6, trends in clay mineral assemblages are analysed rather than constructing 
relative percentages calibrated to RIRs. This was due to: limitation of the analytical 
software (e.g., Data Viewer does not allow the user to calculate peak areas oneself); 
initial high discrepancy between the average values for the three mixes of standards; 
and time constraints. It was not feasible in the time of this project to construct an RIRs 
database and to test reproducibility. Reference intensity ratios were constructed for 
kaolinite, illite, chlorite and smectite, however, further work is required to complete a 
working RIR database calibrated to SEES’s XRD. Nevertheless, the aims of the study 
(Chapter 6) were met by measuring 001 kaolinite and 001 illite peak areas and 
constructing a ratio to show relative proportions of kaolinite over illite.  
.  
 
3.6.5 SEM and EDS 
A common detector used in scanning electron microscopy (SEM) is the backscattered 
electron (BSE) detector which provides elemental analysis of a sample inside the SEM. 
Backscattered scanning electron microscopy (BSEM) detects elastically scattered 
electrons that are rastered across a sample’s surface (Reed 2005). While SEM images 
are built from low energy secondary electron which reflect the topography of a sample, 
backscattered electrons respond to composition and surface inclination (Reed 2005). 
Composition is indicated in BSEM images by contrast variations. Selected samples 
already analysed by XRD analysis were examined using an EVO MA10 SEM fitted 
with an energy dispersive detector to examine diagenetic clay mineral formation and to 
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confirm mineral identification by energy dispersive spectroscopy (EDS), a non-
destructive analytical technique.  
 
For BSEM-EDS analysis, samples are produced as petrological slides, finely polished 
and coated with a 1 μm layer of gold-palladium. An electron beam bombards and 
penetrates a focused sample point in the SEM, resulting in an X-ray which is detected 
by the energy dispersive detector (Reed 2005). This signal is displayed as an EDS 
spectrum of X-ray energy (keV) along the x-axis, versus intensity (cps/eV) along the y-
axis. This technique is used in Chapter 6 for clay mineral identification.  
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Chapter 4. The Kimmeridge Clay Formation (Upper Jurassic-Lower Cretaceous) 
of the Norwegian Continental Shelf and Dorset, UK: a chemostratigraphic 
correlation 
Turner, H.E., Batenburg, S.J., Gale, A. S., Gradstein, F. M. 2018. Integrated correlation 
of the Kimmeridge Clay Formation: a chemostratigraphic correlation. Newsletters on 
Stratigraphy, 52(1), 1-32. 
The paper ‘Integrated correlation of the Kimmeridge Clay Formation: a 
chemostratigraphic correlation’ was accepted for publication by Newsletters on 
Stratigraphy on 03/04/2018. The supplementary section titled ‘Supplementary: Boreal 
C-isotope stack’ is not included in the paper. See p xviii for contributions and 
acknowledgments. 
 
The Late Jurassic and Early Cretaceous were characterised by a number of carbon cycle 
perturbations, of which the temporal and geographic extent are poorly understood. This 
is due to a scarcity of high-resolution records and difficulties in correlation because of 
faunal provincialism and insufficiently constrained chronostratigraphy. In the Boreal 
and Sub-boreal seas of north-western Europe, the Kimmeridge Clay Formation (KCF) 
was deposited, a source-rock for oil of great economic value. Precise correlation is 
critical for assessing the nature of widespread organic matter deposition. Here we 
compare biostratigraphically-constrained organic carbon-isotope records from the 
Norwegian Continental Shelf with the Kimmeridgian‒Tithonian (Upper Jurassic) 
Kimmeridge Clay Formation of the Dorset type area and with upper Tithonian‒
Berriasian (Upper Jurassic‒Lower Cretaceous) records of Svalbard and Siberia. A 
number of isotopic excursions have been correlated between the studied cores (four 
Lundin Petroleum cores and one Statoil core from the Norwegian Continental Shelf) 
and from KCF-coeval sections in the Tethyan and Boreal realms. We identify and 
correlate the mid-Eudoxus Zone, mid-Hudlestoni Zone and early Berriasian 
negative isotope excursions, and the Volgian Isotopic Carbon Excursion (VOICE). 
Whereas physical properties or biostratigraphic data alone usually do not allow precise 
correlation, our integrated approach enables us to identify and correlate synchronous 
events amongst interregional sections. In addition, time series analyses of TOC records 
from two wells reveal cycles that strongly resemble the short-term eccentricity 
component recorded in Dorset. Correlation to the cyclostratigraphic framework of 
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Dorset provides independent support of our age model, which is based on C-isotope 
stratigraphy and biostratigraphy. Our regional-scale correlation reflects the consistency 
of the C-isotope signal in the seas of north-western Europe at the time of deposition, 
and a high correlation potential across significant distances. In particular, correlation of 
C-isotope signals in the Early Cretaceous attests to sufficiently open marine conditions 
in the Greenland-Norwegian Seaway to record global carbon cycle variations despite a 
sea level lowstand.   
Keywords: Kimmeridge Clay Formation, chemostratigraphy, Late Jurassic, Early 





The Kimmeridge Clay Formation (KCF) is a productive Upper Jurassic–Lower 
Cretaceous hydrocarbon source rock and has been the subject of numerous studies as a 
result of its economic significance. The KCF type section in Dorset has been 
extensively studied in terms of its biostratigraphy and chemostratigraphy (e.g., Cope 
1967, 1978, Riding and Thomas 1988, Gallois 2000, Morgans-Bell et al. 2001, Tyson 
2004) and astronomically tuned in part (Weedon et al. 2004, Huang et al. 2010), making 
it the most appropriate reference section for event stratigraphy and palaeoclimate 
studies on this time interval in north-western Europe. Additionally, the KCF has an 
extended temporal range in the Norwegian Continental Shelf and offers great potential 
for the regional study of the J/K transition, which is of international research interest but 
is difficult to correlate consistently due to high endemism (Wimbledon et al. 2011). The 
focus of this paper is the construction of a detailed local chemostratigraphy, supported 
by available biostratigraphy, of the KCF across north-western Europe.  
 
Carbon isotope values (δ13Corg) from the KCF in Dorset were presented by Morgans-
Bell et al. (2001) as part of NERC’s Rapid Global Geological Events (RGGE) research 
project, in which three boreholes were drilled to recover the entire KCF. Within this 
project, astronomical tuning by Huang et al. (2010) dated the zonal boundaries of the 
Cymodoce‒Fittoni zones, the entire stratigraphic range of the KCF at its type section. 
High resolution chemostratigraphic correlation using δ13C variations, when supported 
by biostratigraphy, is a powerful correlation tool (e.g., Gale et al. 1993, Jarvis et al. 
2015). The detailed biostratigraphy and geochemistry of the KCF type area on the 
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Dorset coast (e.g., Cope 1978, Riding and Thomas 1988, Morgans-Bell et al. 2001, and 
references therein) allow extending our current understanding of the deposition of the 
Kimmeridge Clay to other settings, and identifying potential variability on a regional 
scale.  
 
This paper aims to demonstrate how, by applying initial biostratigraphic constraints to 
organic carbon-isotope data, high-precision correlation can be achieved for the KCF. 
Here, a number of offshore sections from the Norwegian continental shelf are correlated 
with the Sub-boreal KCF of Dorset, and the High Boreal of Svalbard, using available 
biostratigraphic information and newly generated δ13Corg profiles. In addition, the 
eccentricity cycles from Dorset are correlated to the Norwegian Continental Shelf, to 
test the bio- and chemostratigraphic framework. The precision and consistency of our 
correlation from the English coast into the Boreal realm demonstrates the value of an 
integrated approach. 
 
4.1.1. Biostratigraphy and provincialism 
Age constraints for the latest Jurassic–earliest Cretaceous are limited. The 
Jurassic/Cretaceous boundary does not have a global boundary stratotype section and 
point (GSSP) and there is a lack of radiometric ages, apart from the base Kimmeridgian 
at 154.1±-2.2Ma which was yielded from rhenium-osmium dating of the Oxfordian-
Kimmeridgian boundary exposed at Staffin Bay, Isle of Skye, U.K (Selby 2007). 
Biostratigraphic dating in the type area and for the Tithonian-Early Cretaceous of north-
western Europe, has primarily been achieved using detailed ammonite zonations with 
commonly distinctive and short ranging index species (e.g., Cope 1967, 1978, Rogov 
and Zakharov 2009, Gallois and Etches 2010, Rogov 2010). However, in hydrocarbon 
exploration wells, the narrow diameter of cores may prevent accurate identification of 
species and also restricts the number of specimens available. Correlation of offshore 
settings largely relies upon palynological studies of the Dorset sections (Riding and 
Thomas 1988) and elsewhere (e.g., Bailey et al. 1997).  
 
Both dinoflagellate and ammonite biostratigraphy for the Upper Jurassic and Lower 
Cretaceous suffer from limitations. The time interval of KCF deposition was subject to 
considerable provincialism, hampering long-distance biostratigraphic correlation. In the 
Kimmeridgian‒Berriasian of north-western Europe, endemic ammonite assemblages 
evolved due to restriction of epicontinental environments (Poulsen and Riding 2003, 
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and references therein). Separate regional zonal schemes have therefore been developed. 
Assemblages of both ammonite and dinoflagellate taxa vary between the Tethyan (Sub-
Mediterranean and Tethys margin) and Boreal (northern Europe–Arctic) realms (e.g., 
Smelror and Dypvik 2005, Gradstein et al. 2012). Sea level fluctuations affected the 
expansion of epicontinental seas and interprovincial communication through the 
Greenland-Norwegian Seaway. This resulted in isolation of the Boreal realm and an 
impoverished Tethyan ammonite fauna in the Tithonian, additionally influenced by 
falling temperatures (see Poulsen and Riding 2003, Appendix 1). The invasion of 
warmer assemblages into the Boreal realm is attributed to increased temperatures in the 
Kimmeridgian. Higher temperatures in the Kimmeridgian allowed interprovincial 
migration and development of an intermediate Sub-boreal realm (Poulsen and Riding 
2003).  
 
Dinoflagellate assemblages of the KCF at Dorset are broadly comparable to others in 
northern Europe, based on the appearance of some index species across both Boreal and 
Tethyan realms (Poulsen and Riding 2003). However, species abundances and the 
composition of assemblages can differ across latitudes. Assemblages in the Barents Sea 
region are typically of low abundance and diversity, often accompanied by a high 
content of amorphous organic matter. Many marker species of Riding and Thomas’ 
(1992) zonation scheme are either missing or rare on the western Barents Shelf (Smelror 
and Dypvik 2005). High Boreal/Arctic Upper Tithonian-Berriasian dinoflagellate 
assemblages are often assigned to the Paragonyaulacysta borealis assemblage Zone 
(e.g., Brideaux and Fisher 1976). Some Sub-boreal index species remain of 
biostratigraphic importance, as demonstrated by the recent erection of two assemblage 
zones by Dalseg et al. (2016) for the mid–late Tithonian, defined by the first abundant 
occurrence of Sirminiodinium grossi and the first common occurence of Tubotuberella 
apatela, respectively. Assemblages intermediate between the Boreal and Sub-boreal 
biomes were described by Wierzbowski et al. (2002) for both ammonites and 
dinoflagellates, with these types of assemblages seemingly showing affinities to both 
realms and a similar degree of provincialism as the assemblages within these realms.  
 
Despite a high degree of ammonite endemism, provincialism of dinoflagellate cysts is 
significantly reduced in comparison. Moreover, a number of Jurassic dinoflagellate cyst 
species are cosmopolitan and exhibit globally comparable stratigraphic ranges (Riding 
and Ioannides 1996). Such species indicate that reliable correlations between the Sub-
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boreal and Boreal dinoflagellate zonation schemes (Riding and Thomas 1992) can be 
achieved. However, the exact correlation of separate regional zonal schemes is often 
uncertain. Some dinoflagellate zones for the Kimmeridgian show comparable durations 
to ammonite zones; others encompass several ammonite zones; e.g., the DSJ31 
dinoflagellate Zone of Poulsen and Riding (2003) includes the Scitulus–Hudlestoni 
ammonite zones (Figure 4.2). Furthermore, biostratigraphic resolution vastly differs for 
each geologic stage. On average, a Kimmeridgian ammonite zone spans 0.6 My in the 
Sub-Boreal realm, yet the average duration of a Tithonian ammonite zone is 0.34 My 
(Gradstein et al. 2012). Carbon isotopes potentially enhance the precision in correlation 
both across and within zones, if biostratigraphy provides sufficient age control. Where 
carbon isotope excursions are sufficiently rapid and large, their correlation eliminates 
problems of diachroneity and biotic provincialism. 
 
4.1.2. Chemostratigraphy 
There are a number of high-resolution C-isotope records for the Late Jurassic–Early 
Cretaceous interval, although most are from the Tethys and its margins (e.g., Katz et al. 
2005, Price et al. 2016). Long-term carbon isotope curves based on sedimentary organic 
matter (δ13Corg) serve as important supporting records for areas where carbonate records 
cannot be established. However, the isotopic composition of organic matter depends on 
diagenesis and complex depositional controls, where enrichment of 13C can be 
influenced by multiple factors, such as an increase in carbon burial and the amount and 
type of organic biomass (Freeman and Hayes 1993, Hayes et al. 1999, Kump & Arthur 
1999, Jenkyns et al. 2002, Jarvis et al. 2015). For example, Cretaceous marine organic 
matter typically yields lower δ13C values (3-4 ‰) than terrestrial organic matter, and 
therefore fluctuation in rates of bulk organic matter type may cause significant variation 
in C-isotope values (Jarvis et al. 2015). The primary δ13Corg record is best assessed 
where the ratio of marine and terrestrial organic matter constitutents remains stable 
throughout a section, and where C-isotope variations are identified across a broad 
geographic range and within both δ13Corg and δ13Ccarb profiles (Jarvis et al. 2015). This 
reduces the likelihood of an imprint by local processes. Coeval δ13Corg and δ13Ccarb 
profiles may vary in the magnitude and timing of isotopic changes, rendering single 
data points difficult to compare and interpret. However, overall trends and distinct 
excursions in δ13C values likely record regional/global signals and can be useful tools 
for correlation (e.g., Gale et al. 1993, Jarvis et al. 2015).  
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In contrast to carbon isotope data, TOC signals are not a reliable inter-basinal 
correlative tool, as the deposition of organic matter is strongly determined by local 
processes and frequently occurs in restricted settings, not representative of conditions in 
the global oceans. Also, the correlation of gamma ray curves, commonly applied in 
industry to identify lithological boundaries, thicknesses and volumes, and for inter-well 
correlation, has varying effectiveness, particularly over long distances, and its precision 
is tested here. 
 
 
4.2. Geological settings 
 
4.2.1. Palaeogeography 
In the Late Jurassic, large-scale tectonic processes, caused by the break-up of Laurasia 
and Gondwana initiated the opening of the Central Atlantic and emplaced an overall 
extensional tectonic regime. In north-western Europe, epicontinental shelf seas around 
multiple low-relief massifs were linked by a network of narrow seaways (Figure 4.1) 
(Dercourt et al. 2000, Brikiatis 2016). In the Kimmeridgian, the Greenland-Norwegian 
Seaway connecting the cold Boreal ocean to the warmer Tethyan realm was relatively 
shallow and narrow (c.500 km wide) (Abbink et al. 2001, Mutterlose et al. 2003). The 
seaway deepened in the Late Jurassic due to the break-up of Laurasia (Ziegler 1990). 
This led to great thicknesses of Upper Jurassic sediments, including the KCF, being 
deposited in fault-bounded basins under relatively high sea levels (Haq et al. 1987).  
 
The KCF type section at Kimmeridge Bay was deposited at depths <200 m within the 
Wessex Basin, where the Boreal waters met the Tethys Ocean (Tyson et al. 1979).  
Wells 16/1-14, 16/3-4 and 33/12-10 are located within the northern limits of the Sub-
boreal realm and were subjected to inflow of cooler Boreal waters from the north, 
within a restricted environment south of the major N-S seaway, that was to become the 
North Atlantic Ocean. Well 6406/12-2 is located within the proto-North Atlantic at the 
boundary of Sub-boreal and Boreal provinces. Well 7120/2-3 and the sections included 
from Svalbard and Siberia were deposited >50° north of the equator (Figure 4.1). 
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Figure 4.1 Palaeogeography of the Late 
Jurassic (a) and of north-western Europe 
with locations of sections studied based on 
maps of R. Blakey 
(http://deeptimemaps.com) and Dercourt et 
al. (2000). Arrows in the Norwegian-
Greenland (N-G) Seaway indicate 
direction of extension tectonics. AM= 
Amorican Massif; SM= Scottish Massif; 
WH= Welsh High; CM= Cornubia Massif. 
Surface circulation and palaeogeographic 
changes through the late Kimmeridgian to 
early Berriasian (c) is taken from Abbink 
et al. (2001). Arrows in these boxes 
indicate surface circulation patterns where 
dashed arrows represent cooler water 
influxes and solid blue arrows, warmer 
water influxes. 
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4.2.2. Chronostratigraphy 
The Dorset type section is Kimmeridgian–Tithonian in age (e.g., Cope 1978, Morgans-
Bell et al. 2001), but comparable lithologies extend stratigraphically higher into the 
Berriasian (Lower Cretaceous) to the north of the Mid-North Sea High. For consistency, 
we apply the stage definitions as presented in the ICS chart and the GTS2016 
(Gradstein et al. 2012, Ogg et al. 2016) (Figure 4.2). As this study focuses on 
correlation across more than one faunal province, region-specific nomenclature is 
mostly avoided. This includes the use of the ‘Bolonian’ and ‘Portlandian’ (e.g., Cope 
1993) as secondary standard stages of the Tithonian exclusive to southern England and 
north-western France, as well as the Volgian, which is mostly favoured in the Boreal 
realm over the Tithonian (e.g., Rogov and Zakharov 2009). In this study, the 
Jurassic/Cretaceous boundary at 145.7 Ma is defined as the base of the Berriasian, 
following the recent proposal of the Berriasian Working Group of the International 
Subcommission on Jurassic Stratigraphy (Ogg et al. 2016). The Jurassic of the regional 
schemes, however, extends to 144.1 Ma and is followed instead by the Ryazanian 
(Figure 4.2). Therefore, the base of the Volgian Stage is equivalent to the Tithonian, but 




4.2.3. Lithostratigraphy  
Lateral equivalents of the KCF occur widely in the North Sea, Norwegian Sea, and 
Barents Sea regions of north-western Europe where they are known as the Draupne and 
Mandal, the Spekk and the Hekkingen formations, respectively (Dalland et al. 1988), 
and as the Agardhfjellet Formation on Svalbard (Hammer et al. 2012, Koevoets et al. 
2016). Coeval organic-rich shales occur globally, as for example in the black shale 
facies from the Gorodishche, Kashpir (Rogov 2010, Harding et al. 2011) and Nordvik 
(Zakharov et al. 2014) sections, from the Russian Platform and Siberia, the Tojeira 
shales in Portugal (Turner et al. 2017), the Egret Member, Canada (Huang et al. 1994), 
the Spiti Shales, Nepal (Gradstein et al. 1992), the Haynesville Shale, Louisianna, USA 
(Hammes and Frébourg 2012), the Hanifa Formation, Saudi Arabia (Carrigan et al. 
1995) and the Madbi Formation, Yemen (Hakimi et al. 2014). These formations are less 
extensively studied than their coeval counterparts to the Kimmeridge Clay of north-
western Europe.  
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The sections studied here are typical KCF facies drilled for industry purposes and 
include the Draupne/Mandal, Spekk, and Hekkingen formations, all of which show high 
gamma ray values. Lithologically, the successions typically comprise organic-rich 
mudrocks, often laminated and often intercalated with dolostones, local sandstone 
intrusions or other mudrock facies related to the palaeogeography and structural 
geology of the area of deposition.  
 
 
4.3. Materials and methods 
 
4.3.1. Cores 
The Kimmeridgian–Berriasian shales of five exploration wells 16/3-4, 16/1-14 
(consecutive cores 1 and 2), 33/12-10 S and 7120/2-3 (consecutive cores 5 and 6) of 
Lundin Petroleum and one (6406/12-2) of Statoil, have been studied. Well 33/12-10 is 
located 9 km east of the East Shetland Basin within the Tampen Spur. 16/3-4 and 16/1-
14 lie within 26 km of each other, east and west respectively, in the Utsira High of the 
Johan Sverdrup Field. Wells 33/12-10 and 16/1-14 are dry wells consisting of shales 
and marls, whereas within the 16/3-4 core, sandstone reservoir rocks occur between the 
shales. Well 6406/12-2 of Haltern Terrace is located in the Norwegian Sea and well 
7120/2-3 S in the Hammerfest Basin of the western Barents Sea. Figure 4.1 shows the 
location of each section. Results are based on the ‘A’ cut (sampling halve) core samples, 
with the exception of some biostratigraphic data which had been obtained from drill 
cuttings from depths slightly greater or shallower than the core. Of 16/3-4, 26.65 m of 
core was sampled; 26.15 m of core 1 and 10.7 m of core 2 of 16/1-14; 25.95 m of 
33/12-10; 27 m of 6406/12-2; 14.4 m of core 5 and 8.2 m of core 6 of 7120/2-3. All 
cores were sampled approximately every 25 cm, except for 6406/12-2, which was 
sampled every metre only. 
  
4.3.2. Bulk carbon isotope analyses  
Samples were ground and homogenised using an agate mortar and pestle. Laboratory 
glassware and the mortar and pestle were cleaned in a series of steps, using ultrapure 
18.2 MΩ cm-1 water, methanol, and dichloromethane (DCM). Samples were de-
calcified to remove the carbon isotope signal of the carbonate, by gradually adding a 5 
% HCl solution to 2–3 mg of sample, and subsequent heating to 45–60°C for several 
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hours. Samples were subsequently washed with 18.2 MΩ cm-1 water, which was 
repeated until the solution was neutral, and dried. Between 1–3 mg of dried sample was 
sealed within a Sn (tin) bucket and weighed. Each sample was then analysed by 1020°C 
combustion on a Flash 2000 Organic Elemental Analyzer coupled to a Thermo 
Scientific MAT 253 stable isotope ratio mass spectrometer at the stable isotope 
geochemistry laboratory at the Open University, UK. Raw δ13Corg values were corrected 
to the VPDB scale using international standards (IAEA CH-6 Sucrose, IR-R041 L-
alanine and NIST 8573 L-glutamic acid). Repeated measurements gave a 
reproducibility of 0.1‰ (1 σ) for each of these standards. 
 
4.3.3. Palynology 
The age model of the studied successions is primarily based on the dinoflagellate cyst 
identifications provided by Applied Petroleum Technology (APT) (for wells 16/1-14, 
16/3-4 and 33/12-10), BioStrat (for well 6406/12-2) and Fugro Robertson (for well 
7120/2-3) to Lundin Petroleum. Full biostratigraphy single-well reports were provided 
by Lundin Petroleum for correlation with the biozonation scheme of Poulsen and Riding 
(2003) (Appendix B) and Riding and Thomas (1992) and to other assemblages 
described in north-western Europe, including by Bailey et al. (1997) and Wierbowski et 
al. (2002). Palynological slides produced by APT are stored at APT, Oslo.  
 
4.3.4. Gamma Ray 
For 7120/2-3, 33/12-10, 16/3-4 and 16/1-14, Gamma ray values (in American 
Petroleum Institute units) were measured by Lundin Petroleum using a Core Gamma 
Logger, at intervals of every 5 cm, 5 cm, 10 cm and 16 cm, respectively.  
 
4.3.5. Cyclostratigraphy 
Time series analyses were performed on the TOC data of the 16/1-14 and 7120/2-3 
cores, using Redfit3.8 (Schulz and Mudelsee, 2002), a program specifically designed to 
analyse time series with uneven sampling rates. A Welch window and an oversampling 
factor of 6 were selected. The behaviour of dominant periodicities over the data series 
was investigated with wavelet spectra, using a Matlab script (Grinsted et al. 2004), and 








The dinoflagellate taxa reported in this study are biostratigraphically indicative species 
identified by APT and reported from both the Norwegian Continental Shelf and the UK 
by Riding and Thomas (1988, 1992), Bailey et al. (1997), Poulsen and Riding (2003) 
and others. A dinoflagellate species range chart is shown in Figure 4.2 with the 
biozonation schemes of Riding and Thomas (1992) and Poulsen and Riding (2003) and 
Figures 4.4-5 depict the occurrences within each well. Biostratigraphic age controls are 
outlined in this section. 
 
4.4.1.1. Kimmeridgian-Tithonian  
Cores 1 & 2 of well 16/1-14 are late Kimmeridgian in age and probably extend into the 
lower Tithonian, although the lower sampling resolution and lack of index species 
within the cores challenges age assessments by palynology alone. The last appearence 
datums (LADs) of Rhynchodiniopsis cladophora and Leptodinium subtile at 2400.13 m 
suggest an age no younger than the Fittoni and Albani zones, respectively. The single 
occurrences of Endoscriniodinium luridum at 2383.6 m and the LAD of G. jurassica 
jurassica at 2377.75 m places these levels within or older than the Autissiodorensis 
Zone. Some authors (Riding and Thomas 1988) extend the range of G. jurassica 
jurassica to the Pectinatus Zone, but this has been argued to be a result of reworking 
(Bailey et al. 1997). Other inconsistencies include the occurrences of Rotosphaeropsis 
thula at 2397 m, and Isthmocystis distincta at 2260 m, 113.2 m above the top of core 1, 
suggesting an age no younger than the Kerberus Zone, whereas the first appearance 
datum (FAD) of the short ranging Oligosphaeridium patulum at 2338 m, 191.2 m above 
the core top, indicates the Pectinatus Zone. Age assessments based on single 
occurrences have a degree of uncertainty due to some reworking, which was noted 
intermittently throughout the well in the APT biostratigraphy report.  
 
Cores 5 & 6 of well 7120/2-3 have an unconformity at 2020.5 m, with late Callovian 
palynoflora present below, and above, long-ranging species including Sirminiodinium 
grossi, Pareodinia ceratophora, Paragonyaulacysta capillosa and Paragonyaulacysta 
borealis. The age of the latter assemblage cannot be more precisely constrained than the 
Kimmeridgian based on the co-occurrence with Cribroperidinium complexum, a species 
observed no further south than the Norwegian Sea (Bailey 1993). However, the LADs  
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Figure 4.2. Range chart of the dinoflagellate index species used in this study (based on Poulsen and 
Riding 2003 and Riding and Thomas 1992 among others referenced in the text here) with interregional 
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correlation of the Late Jurassic and earliest Cretaceous chronostratigraphic divisions (Ogg et al. 2016, 
Gradstein et al. 2012). 
 
of R. cladophora and G. j. jurassica suggest these levels to be no younger than the 
Autissiodorensis Zone, although there is uncertainty for both G. j. jurassica, as 
previously discussed, and for the range of R. cladophora, which possibly extends to the 
Fittoni Zone (Riding and Thomas 1992). The occurrence of the ammonite 
Nannocardioceras at 2013.98 m corroborates a late Kimmeridgian age, as this genus is 
typical of the Kimmeridgian-Tithonian transition on the Russian Platform (Rogov 2010) 
and particularly in Dorset where the Nannocardioceras beds mark the base of the 
Autissiodorensis Zone (Calloman and Cope, 1971, Cox and Gallois, 1981). Due to a 
lack of index species for the remainder of the core, confident biostratigraphic dating is 




Figure 4.3. C-isotope, TOC and gamma ray data versus depth for cores of 16/1-14, 16/3-4 and 6406/12-2 
with ranges of index dinoflagellate species indicated, as discussed in section 7.1. No gamma ray data 
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were available for core 6406/12-2, and an additional scale is figured (6406/12-2 a) to show the index 
dinoflagellate species’ ranges above and below the core. 
4.4.1.2. Tithonian–Berriasian  
In core 6406/12-2, the LAD of the dinoflagellate Cribroperidinium longicorne at 3778 
m and the FAD of Egmontodinium expiratum at 3898 m, places this 120 m thick 
interval, 17-140 m below the core base (based on cuttings), within the Hudlestoni Zone. 
Similarly, the range base of Spiniferites ramosus at 3709 m and the range top of 
Egmontodinium torynum at 3715 m places this 6 m thick interval (based on cuttings) 
16–22 m above the core top (based on cuttings), confidently within the early Paratollia 
Zone. This is supported by the occurrences of S. palmula and T. daveyi at 3715 m and 
the LAD of Kleithriasphaeridium porosispinum at 3700 m. It can be assumed that the 
age of the core is no older than the late Hudlestoni Zone and no younger than the early 
Paratollia Zone of the early Valaginian. However, the top of the core above the LAD of 
R. cladophora at 3733.6 m can be no younger than the Fittoni Zone; therefore, the base 
of the core is likely to be mid–late Tithonian in age. 
 
The base of 33/12-10 is placed within the mid-Tithonian. As the range top of 
Dichadogonyaulax? pannea is the top of Anguiformis Zone and the range base of G. 
villosa the Oppressus Zone, the occurrence and FAD respectively, of these taxa at 
2965.42 m places this level at the boundary between the two zones. An age no younger 
than the Primitivus Zone is given at 2955 m by the LAD of Dingodinium tuberosum. 
The occurrence of Tehamadinium daveyi at 2942.39 m, 4.72 m above the core top, 
suggest an age no younger than the early Paratollia Zone, and no older than the mid-
Stenomphalus Zone. Also, the occurrence at this level of Systematophora palmula, with 
a range of mid-Stenomphalus to Paratollia zones, and the LAD of Circulodinium 
comptum at 2943.65 m (which also has a range top within the Paratollia Zone) suggests 
that the age of the top of the 33/12-10 core is late Berriasian (Early Cretaceous). From 
2965.42 to 2960.28 m, the range of Cribroperidinium gigas here restricts the age to no 
younger than the Late Tithonian based on accounts by Bailey (1993) of the 
Kimmeridgian‒Tithonian in the North Sea. 
 
An early–mid-Tithonian age is assigned to 1926.65 m in well 16/3-4 by the LAD of O. 
patulum, which extended no further than the Pectinatus Zone. Also, the LADs here of S. 
jurassica and S. inritibile, which have upper range limits in the Anguiformis and Albani 
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zones respectively, substantiate a Tithonian age for the base of the shales. The LAD of 
G. dimorphum and the FAD of G. villosa at 1926.16 m suggests a close proximity to the 
boundary between the Anguiformis and Oppressus zones. An unconformity is inferred 
between 1926.65 m and 1926.16 m, as the Pectinatus–Oppressus zones are 
unexpectedly thin (<50 cm). A transgression is suggested by the lithological transition 
at c. 1926 m from sand to shale, and is in agreement with the eustatic curve of Haq et al. 
(1987). Stratigraphically higher, a transition between the upper Tithonian and Berriasian 
is indicated by R. thula at 1923 m, the LAD of Egmontodinium expiratum at 1917 m, 
and the LAD of Dichadogonyaulax culmulum at 1916.1 m. Penetration into the Late 
Berriasian Stenomphalus Zone is indicated by the FAD of Tehamadinium daveyi at 
1917.65 m. This is supported by the FAD of Stiphrosphaeridium arbustum at 1915.6 m, 
which has a short range, of the Icenii–Stenomphalus zones, and the LAD of 
Batioladinium radiculatum at 1916.75 m, which has a reported range base of mid-late 
Berriasian (Duxbury et al. 1999, Harding et al. 2011). The FAD of 
Kleithriasphaeridium corrugatum and Muderongia endovata at 1915.10 m which places 
the top of the core firmly in the Late Berriasian. Muderongia endovata is extremely 
scarce in the late Tithonian, absent in the early Berriasian, but reappears in abundance in 
the Stenomphalus Zone (Riding et al. 2000). The LADs of T. daveyi and S. palmula at 
1913.07 m, show that the shale unit is at most no younger than the early Paratollia Zone.   
 
4.4.2. Organic matter 
Variations in the studied carbon isotope records are potentially influenced by changing 
composition of bulk organic matter (e.g., Mutterlose et al. 2003). Organic geochemical 
studies show that interpretation of the δ13Corg record of the Kimmeridge Clay type 
section in Dorset may be complicated by changes in relative abundance of marine 
constituents (Van Kaam-Peters et al. 1998). However, the terrestrial contribution to the 
total organic matter is minor, which implies that there was mostly a continuously 
marine source throughout the deposition of the Dorset succession (Tyson 1989, Van 
Kaam-Peters et al. 1998). This can be determined from rates of deposition of both 
terrestrial and marine fractions of sedimentary organic matter, aiding the 
characterisation of depositional settings. While marine organic matter is predominantly 
derived from phytoplankton and foraminifera, terrestrially sourced organic particles are 
derived from phytoclasts, pollen grains and spores (Steffen and Gorin 1993, Götz et al. 
2008).  
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Figure 4.4. C-isotope, TOC and gamma ray data versus depth for cores of 33/12-10 and 7120/2-3, with 
ranges of index dinoflagellate species indicated, as discussed in section 7.1 and an occurrence of 
Nannocardioceras ammonite at 2013.98 m in well 7120/2-3.  
To illustrate potential changes between organic matter source throughout each section 
studied from the Norwegian Continental Shelf, we apply the spores-pollen-
microplankton ternary plot (Federova 1977, Duringer and Doubinger 1985) and the 
dinocyst morphology type ternary plot after Tyson (1993) to assess the depositional  
environmental history (Figure 4.3). Neither phytoclast nor amorphous organic matter 
(AOM) data were collected by APT for all wells, therefore a full representation of the 
terrestrially derived components or application of the AOM-phytoclast-palynomorph 
plot after Tyson (1989) is not possible. Thus, the spores-pollen-microplankton and  
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Figure 4.5. Spores-pollen-microplankton ternary plot (Federova 1977, Duringer and Doubinger 1985) and 
dinocyst morphology type ternary plot (Tyson 1993) of studied wells from the Norwegian Continental 
Shelf indicating a nearshore environment of deposition for wells 16/1-14, 33/12-10 and 7120/2-3, and a 
nearshore-offshore environment of deposition for wells 16/3-4 and 6406/12-2. Samples for each well 
indicate metres below surface. 
 
dinocyst morphology type ternary plots were used to illustrate major trends in 
depositional environment changes. Peridinioid-dominated assemblages are indicative of 
upwelling zones, cold water/high-latitude nutrient-rich, nearshore lagoonal, estuarine, or 
brackish environments, whereas gonyaulacoid-dominated assemblages are characteristic 
of open marine settings (Downie et al. 1971, Tyson 1993, 1995, Pearce et al. 2009).  
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Points clustered at the ‘100% pollen’ apex on the ternary diagrams (Figure 4.5) are 
expected to represent nearshore depositional environments (Tyson 1993, 1995). The 
dinocyst type plot for well 16/1-14 suggests fluctuation between proximal-distal to 
proximal open marine conditions, indicated by the dominance of gonyaulacoid chorates 
over gonyaulacoid, proximochorate and proximate dinocysts at 2388.8 m and 2397 m. 
The remaining wells indicate proximal open marine environments. Gonyaulacoid 
dinocysts dominate all assemblages in the studied sections, and the low number of 
chorate type gonyaulacoids further indicate proximal open marine settings over distal 
(Vozzhennikova 1965). The spores-pollen-microplankton plots corroborate deposition 
in nearshore environments for all wells, excluding 16/3-4 and 6406/12-2 which indicate 
transitional deposition between near- and offshore settings.  
 
Data from all sections fall within a narrow range and show no particular order, 
suggesting relative continuity of organic matter fractions deposited over time in the 
studied sections. This implies that the C-isotope records of the studied wells are 
unlikely to be influenced significantly by changes in the source of organic matter. The 
fluctuation in organic matter source for 16/1-14, suggested by the dinocyst type ternary 
plot, may have had a minor effect on the C-isotope record, however, is unlikely to have 
entirely influenced the record. Otherwise, this would be clear in both ternary plots.  
 
 
4.4.3. δ13C and gamma ray correlation 
Several significant δ13C events are shown in Figure 4.6 and discussed in section 4.5.1. 
Tiepoints are applied where biostratigraphic boundaries are identified and where 
correlative δ13C events, and other characteristic changes in δ13C (e.g., excursion peaks, 
inflection points or onsets of positive/negative shifts) are highly comparable between 
Dorset and the studied Kimmeridgian–Tithonian cores and between the Nordvik section 
and the studied Tithonian–Berriasian cores. Linear interpolation is performed in 
between. Table 4.1 shows the 405 kyr dates produced by Huang et al. (2009) for the 
Dorset section calibrated to the GTS2016, and Boreal ammonite biostratigraphic 
boundary dates from the GTS2016 for the Nordvik section, Russia (Zakharov et al. 
2014). Identified tiepoints between the KCF type section and cores 16/1-14, 6406/12-2 
and 7120/2-3 are listed in Table 4.2. Table 4.3 shows the ages calibrated from the 
stratigraphic charts of the Svalbard sections (Hammer et al. 2012, Koevoets et al. 2016) 
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Table 4.1. Identified tiepoints from the KCF type section at Dorset, UK and the Nordvik section, Russia. 
Ages transferred from the Dorset record are interpolated between astronomical dates by Huang et al. 
(2010), calibrated to the GTS2016. Dates for the biostratigraphic boundaries are identified in the Nordvik 
section, Russian are from GTS2016. 

















47.18 148.03 191.2 150.01 361.69 152.08 536.30 154.11 
84.56 148.44 223.5 150.46 401.00 152.49 564.30 154.51 
110.2 148.84 265.1 150.87 429.45 152.89 579.93 154.67 
130.13 149.25 307.39 151.27 464.70 153.30   
162.03 149.65 336.85 151.68 501.85 153.70   
Nordvik section (NS), Russia.  
Boreal ammonite zonation boundary tiepoints as per Zakharov et al. (2014, Fig. 6) 
03.06 158.37 
Correlation to the base of the Kimmeridgian as figured by 
Koevoets et al. (2016, Fig 6.) 
21.56 152.66 
Possible correlation to mid-Eudoxus peak as figured by 
Koevoets et al. (2016, Fig 6.) 
27.56 150.27 Base of the NS organic carbon curve 
38.64 146.72 Base of Okensis (Subditus) Zone 
47.86 144.10 Base of the Sibiricus (Rjasanensis) Zone 
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Table 4.2. Identified tiepoints between the Kimmeridgian‒Tithonian cores with Dorset, UK. 
Depth (m) Age (Ma) 
Biostratigraphical tiepoint/ correlation of the Dorset section 
δ13Corg record 
6406/12-2 
3731 148.25 The start tail of a minor positive excursion at 68 m 
3732 148.27 The maximum point of a minor positive excursion at 68 m 
3733 148.33 The end tail of a minor positive excursion at 68 m 
3740 148.54 A positive shift onset at 90.6 m  
3743 148.66 A sharp peak maximum at 98.05 m  
3747 148.89 A sharp peak maximum at 98.05 m  
3752 149.33 The end tail of a minor peak in the early Rotunda Zone  
3755 149.41 Maximum of the VOICE  
3758 149.52 Onset of a negative shift in the Pallasioides Zone 
7120/2-3 
2002.95 150.47 The heaviest value in the Hudlestoni Zone 
2005.24 150.78 The peak at the base Hudlestoni Zone  
2010.7 151.44 A broad, short peak at the base of the Scitulus Zone  
2015.34 152.06 The positive shift onset in the late Autissiodorensis Zone 
2020.5 152.15 A minor positive peak in the mid Autissiodorensis Zone  
16/1-14 
2373.53 150.88 Base of the mid-Hudlestoni Zone peak 
2377.76 151.16 The mid-Wheatleyensis Zone peak  
2385.70 151.52 Sharp peak in the latest Elegans Zone 
2390.18 152.10 Onset of a positive shift in the late-Autissiodorensis Zone 
2402.35 152.96 The inflection point prior to the late-Eudoxus peak  
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Table 4.3. Ages calibrated from the stratigraphic charts of the Svalbard sections (Hammer et al. 2012, 
Koevoets et al. 2016). 
Core DH2 from Spitsbergen, Svalbard  
Correlation to Dorset and the Janusfjellet section as carried out in Koevoets et al. 
(2016) 
532.48 148.81 VOICE 
632.47 152.70 Possible correlation to the L. Eudoxus Zone peak at Dorset. 
695 155.96 Base Kimmeridgian at Dorset indicated by an isotopic trend 
towards lighter values after the negative isotope excursion 
identified by Nunn and Price (2010) for the Upper Oxfordian, 
and the presence of the ammonite Amoebites subkitchini at 630 
m which indicates the lower Cymodoce Zone. 
Janusfjellet, Svalbard (Hammer et al. 2012) 
11.5 148.35 Base Fittoni Zone  
5.5 148.81 VOICE  
-5 149.59 Base Pallasioides Zone 
-15.6 150.38 Correlation to the Hudlestoni Zone long-term minimum in core 
DH2, Spitsbergen, Svalbard 
-24.1 150.66 Base Hudlestoni Zone 
 
 
Table 4.4. Identified tiepoints between the Tithonian‒Berriasian cores with Nordvik section, Russia. 
Depth (m) Age (Ma) 
Biostratigraphical tiepoint/ correlation of the Nordvik 
section δ13Corg behaviour 
16/3-4 
 139.27 Bio- no younger than the early Paratollia Zone 
1917.65 140.18 Bio-likely no older than the Stenomphalus Zone 
1923.95 144.1 Correlation to the first positive peak at 47.86 m of the 
second excursion  
1926.16 146.72 Bio- at or near the Anguiformis-Oppressus zonal boundary 
33/12-10 
2949.2 142.73 Correlation to a negative peak at 50.42 m  
2953.92 144.1 Correlation to the first positive peak at 47.86 m of the 
second excursion  
2965.42 146.72 Bio- at or near the Anguiformis-Oppressus zonal boundary 





Figure 4.6. C-isotope data versus age for the all studied sections and other High Boreal coeval records. 
For the uppermost Dorset record, a 3-point moving average is plotted in blue to the right the original data 
in black. In core DH3 from Svalbard, -13.22‰ at 479.5 m is considered an outlier and is removed. A 
larger sized copy of Figure 4.6 is available on the following page. C-isotope events discussed in section 
4.5 are indicated by grey bars. Dotted lines denote some key tiepoints between records.  
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Taylor et al. (2001) regard isochronal surfaces within the Kimmeridge Clay of the 
Wessex-Weald basins as correlative horizons within the gamma ray record that like C-
isotope stratigraphy, enable discrimination within zones. However, such inter-basinal 
lithological correlations at a fine scale can only be made in exceptional circumstances. 
Specific log patterns and marker beds which have basinwide significance include two 
calcareous units, KC40 and lower KC44 (Hawkes et al. 1998), commonly referred to as 
Mid-Kimmeridgian Micrites (MKM1 & 2), and the White Stone Band, a monospecific 
coccolith marker bed which divides the Hudlestoni and Pectinatus zones. It is traceable 
across England (Gallois and Medd 1979), however, its occurrence offshore is not fully 
constrained. The first mid-Kimmeridgian micrite horizon (MKM1) is located just above 
sequence boundary Km8 of Taylor et al. (2001) and is shown on Figure 4.7 to possibly 
correlate with the gamma-ray records of wells 16/1-14 and 7120/2-3. Gamma-ray logs 
for wells 16/1-14 and 7120/2-3 correspond well at the boundary between the Elegans 
and Scitulus zones, whereas the Dorset record at this level does not. Due to the endemic 
nature of the north-western European ammonite assemblages, it is unlikely that 
stratigraphic markers (based on their lithology and distinctive biostratigraphy) extended 
into the Boreal/High-Boreal realm. Other sequence boundaries identified at Dorset in 
the gamma ray records do not convincingly correspond with distinct levels in cores 
16/1-14 and 7120/2-3, i.e., sequence boundaries Km7 and Km9 (Figure 4.7). 
Correlatable δ13C events within the Eudoxus Zone, for example, are certainly not 
represented by events in the gamma ray record, despite a eustatic sea level rise (Haq et 
al. 1987). This is well-indicated in Dorset by a lithological change from shales to 
limestones, whereas shales persist into the Early Cretaceous as the Draupne, Mandal, 
Spekk etc., KCF counterparts from the Norwegian Continental Shelf.  Nevertheless, it is 
clear that correlation of δ13C allows interregional correlation with greater consistency 




Based on the cyclostratigraphic interpretation of the KCF type section, Huang et al. 
(2010) developed a high-resolution age model for individual ammonite zones. The 
scaling of the Sub-boreal Albani‒Hudlestoni zones in GTS2016 (Ogg et al. 2016) relied 
upon these cyclostratigraphic ages, whereas the Kimmeridgian and remaining Tithonian 
zonation is scaled on magnetostratigraphy (Gradstein et al. 2012, Ogg et al. 2016). The 
age model of Dorset is based on the 405-kyr component of eccentricity, as this is  
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Figure 4.7. Gamma ray records of the KCF at Dorset (Morgans-Bell et al. 2001) and wells 16/1-14 and 
7120/2-3. Dashed lines indicate correlative horizons identified in the Wessex–Weald Basin, southern 
England by Taylor et al. (2001), potentially traced to coeval levels in the gamma ray records of wells 
16/1-14 and 7120/2-3. 
 
considered the only stable periodicity during the Mesozoic (Laskar et al. 2004). This is 
expressed at Dorset as a large-scale cycle composed of four smaller cycles, representing 
short-term eccentricity. Our Kimmeridgian–Tithonian records were calibrated to the 
GTS2016 with the C-isotope tiepoints listed in Table 4.1, and by linear interpolation in 
between. The 405 kyr dates were applied as high-resolution tiepoints for the Albani‒
Hudlestoni zones, but for the remaining interval and for the Cretaceous, the GTS2016 
Sub-boreal ammonite boundary dates were used as tiepoints (with linear interpolation in 
between). In doing so, we recalibrated the tuned Dorset KCF series of Huang et al. 
(2009) from the GTS2004 to the GTS2016. The identified long- and short-term 
eccentricity periodicities shifted so that the ~405 kyr cycle became far less 
distinguishable (Figure 4.8).  
The updated age model for the Dorset section does not fully support the GTS2016 age 
model for the Kimmeridgian‒mid-Tithonian. Nevertheless, Redfit analysis of the Dorset 
TOC record calibrated to the GTS2016 reaffirmed the 107 kyr (short-term eccentricity) 
periodicity (Figure 4.8-9). Periodicities of 119 kyr and 120 kyr are also found in the 
TOC records of wells 7120/2-3 and 16/1-14, according to our GTS2016 calibrated age 
models for each well. These may correspond to one of the periodicities of short 
eccentricity (Figure 4.9). Wavelet analyses indicate a persistent presence of this  
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Figure 4.8. Comparison of wavelet analyses and Gaussian bandpass filters of the Dorset section TOC data 
calibrated to the GT2004 by Huang et al. (2010) and recalibrated to the GTS2016. A bandpass presented 
by Huang et al. (2010) is compared with the recalibrated GTS2016 data, based on Redfit analysis, where 
a bandpass of 93–167 kyr, centred on 119 kyr was applied. Redfit analysis of the Dorset TOC record 
according to the GTS2016 is based on every tenth value (provided on http://kimmeridge.earth.ox.ac.uk). 
periodicity over approximately the upper two thirds of the 7120/2-3 section (150.4–
151.3 m), together with a stable periodicity three to four times as long at a frequency of 
~2.4 cycles/Myr, which may correspond to the 405 kyr periodicity of eccentricity. 
Although, this periodicity is too long to be reliably identified by Redfit analyses in this 
relatively short section. The 119 kyr periodicity is extracted by bandpass filtering, and 
the amplitude variations are compared to those of the extracted 100 kyr component 
eccentricity which paces the TOC data from Dorset (Huang et al. 2010). However, in 
the GTS2016 age model, this periodicity has been centred on 119 kyr which is the 
average of a broader bandwidth that encompasses two closely spaced peaks in the 
Redfit spectra, at 108 kyr and 134 kyr (Figure 4.8). The estimated number of short 
eccentricity cycles in the TOC record of well 7120/2-3, of 12-14, agrees well with the 
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duration obtained from bio- and chemostratigraphic correlation of 1.7 Myr. The stability 
of the behaviour of the observed periodicities in the wavelet analyses (Figure 4.9) lends 
further support for the applied age model. In the TOC data of well 16/1-14, dominant 
periodicities occur at 120 kyr (above the 85% significance level), and at 377 kyr (just 
below 80% significance level). Wavelet analyses indicate that the periodicity at 102 kyr 
is particularly strongly present around 152 Ma, where there are strong peaks in TOC. In 
contrast, the 377 kyr periodicity is present and stable through the entire succession. The 
120 and 377 kyr periodicities may represent the periodicities of short and long 
eccentricity (~100 kyr and at 405 kyr, respectively). The 120 kyr periodicity has been 
bandpass filtered, and correspond closely to the 119 kyr cycles in the TOC data of the 
Dorset section (Huang et al. 2010). There is a slight divergence of the bandpass filters 
near the top of 16/1-14, which could be due to the reduced reliability of the bandpass 
filter towards the end of the dataset. Nevertheless, the estimated number of short-term 
eccentricity cycles in the TOC record of 16/1-14, of 23-25, is in good agreement with a 
projected duration of 3 Myrs by integration of bio- and chemostratigraphy. 
Time series analysis of cores 16/1-14 and 7120/2-3 supports the correlation made via 
carbon isotope stratigraphy, with a generally good agreement between the data from 
Dorset and the studied wells. Despite the uncertainties in correlation, the detected 
cyclicities agree well with the durations estimated from biostratigraphic and 
chemostratigraphic correlation. Also, the wavelet analyses suggest a constant duration 
of the extracted periodicities over the studied succession.  
Offsets between Dorset and wells 7120/2-3 and 16/1-14 likely represent small unknown 
hiatuses and potential differences in sedimentation rate between the Wessex Basin, the 
Hammerfest Basin and the Johan Sverdrup Field, respectively. Intervals of non-
deposition are recorded in the lowermost three KCF ammonite zones in Dorset, with 
signs of cross-lamination and erosional surfaces (Morgans-Bell et al. 2001). 
Consequently, correlation to these levels is uncertain as calibrations by Huang et al. 
(2010) assume 100% completeness, whereby intervals of erosion and/or non-deposition 
are not measured. Above these levels, the correlation to the wells studied here is good. 
As it cannot be assumed that wells 16/1-14 and 7120/2-3 are entirely complete, only a 
limited amount of tiepoints should be applied to avoid imposing the sedimentation rates 
of the Dorset section. Nevertheless, the cyclostratigraphy of these wells provides 
independent support for the interregional correlation proposed in Figure 4.6 
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Figure 4.9. Redfit spectral analyses (Schulz and Mudelsee 2002), wavelet records and Gaussian bandpass-
filtered 100-kyr interpreted eccentricity signals from TOC of wells 16/1-14 and 7120/2-3, respectively. 
Dashed line delineate periodicities of 120-kyr in 16/1-14 (b) and 108 and 134-kyr in 7120/2-3. Bandpass 
filters centred at 119-kyr (bandwidth 93–167) and 120-kyrs (bandwidth 96–161) were applied to the 
7120/2-3 and 16/1-14 TOC data, respectively. The bandpass filter for well 7120/2-3 taken as an average 
between 108 kyr and 134 kyr as these peaks appear close together on the Redfit spectra. Wavelet records 
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each have had periodicities longer than a third of the dataset removed. Cycles are correlated to the 
astronomically calibrated Dorset section (Huang et al. 2010), calibrated to absolute time and anchored to 




4.5.1 Significance of δ13C shifts and excursions 
4.5.1.1. Eudoxus Zone δ13C shift 
There is a well-constrained positive shift and two distinct peaks in the Eudoxus Zone in 
the δ13Corg record from Dorset (Morgans-Bell et al. 2001), and as presented here, the 
lower peak is evident in well 16/1-14 from the North Sea. In addition, the δ13Corg record 
of 16/1-14 shows the onset of the Eudoxus Zone positive shift and a prolonged 
elevation of δ13Corg values comprising the Eudoxus-Hudlestoni zones, also evident in 
the Dorset record. As discussed in section 4.2, there is a possible fluctuation in the 
source of organic carbon at 2388.8 m and 2397 m. Congruency with the Dorset section 
suggests there may have been locally changing rates of terrestrial and marine organic 
matter fractions. 
 
The Eudoxus Zone shift is registered in δ13Ccarb records from the Helvetic nappes of the 
Swiss Alps on the northern Tethys margin. Weissert and Mohr (1996) recorded a 
positive 0.5 ‰ shift in eastern Switzerland, and Padden (2001) generated a composite 
record of other Swiss sections and an Italian sequence recording a maximum of ~3 ‰ at 
this interval from a baseline of ~2 ‰. A late Kimmeridgian positive excursion has also 
been found in the Southern Alps (Bartolini et al. 1999) and in the North Atlantic 
(Scholle and Arthur 1980), albeit of lower resolution. Covariant δ13Corg and δ13Ccarb 
signals suggest global oceanic changes, as opposed to local mechanisms such as 
terrestrial input or diagenesis. Consequently, the widespread occurrence of the Eudoxus 
Zone δ13C shift in both the Tethyan and Sub-boreal realms, and extending to higher 
latitudes as shown here, is interpreted to reflect the true δ13C Kimmeridgian oceanic 
signal (Morgans-Bell et al. 2001). However, its precise position in the Eudoxus Zone of 
the Tethyan realm is uncertain due to poor biostratigraphic constraints and a low 
sampling resolution, and is therefore not figured here. Similarly, in core DH2 of 
Svalbard (Koevoets et al. 2016), there is a peak in the Eudoxus Zone which may 
correlate to the Eudoxus Zone peak in both the Dorset and well 16/1-14 δ13Corg records. 
However, this section has too low a resolution to allow a precise comparison.  
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Morgans-Bell et al. (2001) suggest that the Eudoxus Zone shift represents widespread 
increased organic-carbon burial in northern Europe, that Armstrong (2016) proposed is 
associated with subtropical conditions caused by extension of the northern Hadley cell 
during the Eudoxus-Hudlestoni zones. Interregional records of the Eudoxus Zone δ13C 
rise may also represent high sea levels which peaked at this interval (Surlyk 1990, 
Hallam 2001) allowing for increased accommodation space across the north-western 
region. However, the relationship between carbon isotope records and sea-level change 
is not fully understood (Jarvis et al. 2015). 
 
4.5.1.2. The ‘Hudlestoni Event’ 
Here, we recognise the Hudlestoni Zone short-term negative shift as a correlative event 
in north-western Europe due to its interprovincial recognition from the Northern Tethys 
(Weissert and Mohr 1996) to the Russian Platform (Hesselbo et al. 2009). The 7120/2-3 
δ13Corg record of the High-Boreal realm is strikingly similar to the Dorset record, and 
the Hudlestoni Zone short-term negative shift is equally distinct in both records (Figure 
4.6). The northward extent of this shift’s detection into the High Boreal suggests the 
event to have global correlation potential. A conspicuous shift is also apparent in the 
DH2 core and Janusfjellet section from Svalbard at this level (Hammer et al. 2012, 
Koevoets et al. 2016).  
 
The short-term negative shift is likely attributed to the ‘Hudlestoni Event’, as identified 
by Wignall and Ruffell (1990) as an abrupt climate shift from humid to arid conditions 
in the mid-Hudlestoni Zone, which is consistent with climatic modelling of Armstrong 
et al. (2016). The prolonged isotope excursion which began in the Eudoxus Zone, 
coincides with a trend towards increasing aridity which culminated in the mid-
Hudlestoni Zone (see Hesselbo et al. 2009, their Fig. 8). Aridification could contribute 
to declining δ13C values by decreasing nutrient supply to the oceans and terrestrial 
organic matter burial, which preferentially incorporates the lighter isotope 12C. Abbink 
et al. (2001) suggested the aridification to be caused by the arrival of cool waters 
making their way through an opening Boreal-Tethys Ocean link. The coincidence of 
climatic and isotopic shifts in the mid-Hudlestoni Zone suggests arid conditions may 
have extended over a large area. The event has thus far been observed in 
palaeoceanographic records for the UK sector of the Norwegian-Greenland Seaway 
(~35°N) by Armstrong et al. (2016). The Hudlestoni Zone C-isotope record in the 
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Barents Sea, as presented here, suggests an even further northward detection potential 
into the proto-Arctic.  
 
4.5.1.3. VOICE 
The organic carbon isotope records of Svalbard (Hammer et al. 2012, Koevoets et al. 
2016) reveal a distinct negative excursion in the mid-Tithonian. This was proposed by 
Hammer at al. (2012) as the Volgian Isotope Carbon Excursion (VOICE) and was 
correlated to a decreasing trend in δ13Corg values commencing in the Pallasioides Zone 
of Dorset, UK (Figure 4.6). It also has been identified in carbonate carbon records from 
the Russian platform (Price and Rogov 2009) as demonstrated by Koevoets et al. 
(2016), along with correlations to the Central Atlantic (Katz et al. 2005). The C-isotope 
record of core 6406/12-2 commences with a shift that correlates with the lightest value 
of -29.1 ‰ in the Pallasioides Zone at Dorset. Core 6406/12-2 has tight biostratigraphic 
constraints and is comparable with the overlying decline in values in the Dorset section, 
particularly when this interval at Dorset is plotted on a larger scale (Figure 4.6). 
Identification of VOICE within well 6406/12-2 shows this persistent excursion at an 
intermediate setting between the High- and Sub-boreal realms.  
 
4.5.1.4. J-K boundary 
A δ13Corg negative excursion in the Nordvik section, just above the J/K boundary in the 
mid-Taimyrensis Zone (Boreal equivalent to the Sub-boreal Preplicomphalus Zone) is 
interpreted by Zakharov et al. (2014) to correspond to synchronous peak abundances in 
spores and prasinophytes near the boundary, caused by disturbance of the marine 
ecosystem. There is no lithologically and biostratigraphically more complete section 
through the J/K boundary in the High Boreal realm. The bulk organic C-isotope record 
is therefore a good reference for correlation. Indeed, a positive shift followed by a 
negative excursion in the Taimyrensis Zone is observed in the organic carbon records of 
well 33/12-10, the Nordvik section, and partly in well 16/3-4. This event is also 
observed in Slovakia (Michalík et al. 2009, Grabowski et al. 2010), western Siberia and 
central Russia (Dzyuba et al. 2013) (Figure 4.6) where it has been constrained by 
magnetostratigraphy (Houša et al. 2007).  
 
The subsequent minimum in δ13C values in the Chetae (Siberian) Zone of the Nordvik 
section (Zakharov et al. 2014) is isochronal to that in the Sub-boreal Lamplughi Zone in 
wells 16/3-4 and 33/12-10 (Figure 4.6). Thereafter, there is a gradual increase in values 
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in the upper Kochi Zone of the Yatriya section (Price and Mutterlose, 2004) and a 
positive shift in the Stenomphalus Zone of well 16/3-4 (Figure 4.6). These 
excursions/shifts are significant for correlation, and dating, of strata across the J-K 
transition, a boundary yet to have a GSSP assigned.  
 
 
4.5.2. Palaeogeography and palaeoceanography 
As opposed to the contemporaneous open ocean, the chemistry of the Late Jurassic‒
Early Cretaceous Boreal‒Sub-boreal epeiric surface waters may have been influenced 
by geographical variation within epicontinental environments, including terrestrial 
inputs and restriction in seawater circulation by landmasses (e.g., Holmden et al. 1998). 
Global retention of the primary δ13C signal requires rapid mixing of the atmospheric 
and surface water carbon reservoirs, otherwise differences in the depositional 
environment may cause a carbon isotope change to vary from one setting to the next 
(Immenhauser et al. 2008, Tagliabue and Bopp 2008). 
 
The Greenland-Norwegian Seaway in the Late Jurassic connected shallow epeiric seas 
of the High Boreal realm (Dypvik et al. 2002) to those of southern Europe. Currents 
have been interpreted to have flowed southward, sluggishly through the North Sea 
region, and, due to the Coriolis effect, as a concentrated, faster flow through the western 
side of the KCF Sea (Greenland/Canada) (Miller 1990).  By contrast with previous 
circulation models (e.g., Oschman 1988), no counter-current was envisaged by Miller 
(1990), yet at present, a deep warm counter-current travelling SW‒NE from mid-
latitudes is inferred (Abbink et al. 2001, Mutterlose et al. 2003). Seawater may have 
exchanged relatively freely between the Greenland-Norwegian Seaway, mixing DIC. 
By contrast, multiple low-relief archipelagos in the ~500 km wide southern European 
region (e.g., Abbink et al. 2001), may have restricted circulation and increased water-
residence times on shelf banks (e.g., Patterson and Walter 1994, Holmden et al. 1998). 
Palaeogeographical reconstructions (e.g., maps of R. Blakey, Decourt et al. 2000, 
Abbink et al. 2001) suggest that the number of landmasses within the Boreal waters was 
negligible compared to the Sub-boreal realm, although some areas of positive relief are 
often not depicted (e.g., the Loppa High 50-100 km north of the 7120/2-3 core, missing 
from the reconstructions of R. Blakey and Abbink et al. 2001).  
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As baseline C-isotope values between Boreal and Sub-boreal records (discussed here) 
vary by <0.5 ‰, compared to up to 4 ‰ difference between epeiric and oceanic settings 
in the modern Florida Platform (Patterson and Walter 1994), we suggest that DIC 
exchange from the exposure of landmass was limited, particularly in the Sub-boreal 
realm.  
 
In the Southern North Sea region, Abbink et al. (2001, their Fig.13) depict a more 
detailed reconstruction of the expansion of the epicontinental seas from the Callovian to 
the Early Berriasian. By the Tithonian, the eastern section had become entirely isolated 
from the west. Additionally, despite warmer water influxes during the earliest 
Kimmeridgian and Cretaceous, the Late Kimmeridgian‒Tithonian North Sea region 
received only cool inflow from the north. Nevertheless, the high similarity of the C-
isotope profiles of Dorset and wells 16/1-14 and 7120/2-3 through this interval (late 
Autissiodorensis‒mid-Hudlestoni zones) (Figure 4.6) indicates that there was 
substantial water mass exchange within the study area. Thus, between the Hammerfest 
(core 7120/2-3) and the Wessex basins (Dorset), there was sufficient exchange of DIC 
between areas north of the Greenland-Norwegian Seaway and the Tethys in Dorset to 
suggest that these settings were least affected by local factors. The congruency of C-
isotopes across the NW-transect (Figure 4.6) represents expansion of the epicontinental 
seas during times of higher sea-level, providing evidence for an effective circulatory 
system in the Kimmeridgian‒Tithonian. This was probably also due in part to a 
deepening of the seaways due to extensional tectonics associated with the breakup of 
Laurussia (Ziegler 1990).  
 
Despite reports of a base-Cretaceous fall in global sea level (Haq et al. 1987), 
correlation of the High Boreal Nordvik C-isotope profile is possible with cores south of 
the Norwegian-Greenland Seaway (Figure 4.6). This may demonstrate that mixing was 
rapid in some of these supposedly ‘sluggish’ (Miller 1990) straits and seaways (Figure 
4.1). This is regardless of the occurrence of cold Boreal currents to the west, and 
emergence of areas of positive relief acting in part as circulatory barriers after sea level 
fall (Abbink et al. 2001, Fig.15).  However, contrary to a eustatic sea level fall over the 
J/K boundary, there may have been a relative rise regionally. Surlyk (1991) reported a 
transgression in the basal Boreal Cretaceous of East Greenland and Gaetani and 
Garzanti (1991) argued that the eustatic sea level fall was clearly diachronous. In the 
High Boreal latitudes, relative sea level is expected to have risen in the late Tithonian 
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and reached a high-stand at the J/K boundary, reflected in an increase in ammonite 
diversity (Zakharov et al. 2014).  A transgression is recorded in core 16/3-4 by the 
transition of sands to shales at 1926.45 m (not depicted), which may illustrate the 
diachroneity of this second order sea level fall in Sub-boreal north-western Europe. 
 
In restricted settings, local inputs of dissolved inorganic carbon (DIC) can drive the 
δ13C values of seawater and sediments away from the global mean, despite the short 
residence time of carbon in the atmosphere (Murnane and Sarmiento 2000). The close 
correspondence in δ13C values from different localities observed in this study may 
indicate that local factors did not overprint the seawater signal and that the subbasins 
were connected sufficiently to allow for water mass exchange. Water mass movement 
was likely influenced by the inferred SW-NE wind direction (Abbink et al. 2001, 
Fig.15). In this study, sufficient DIC exchange between the Greenland-Norwegian 
Seaway is further suggested by an increase per stage in baseline C-isotope values. As 
progressive depletion in 13C can reflect increasing environmental restriction (e.g., 
Patterson and Walter 1994), the reverse scenario may be represented here by a ~1 ‰ 
rise between stages (from -26.4 ‰ for the Kimmeridgian to -28.1 ‰ for the Tithonian, 




This study extends the regional chemostratigraphic framework for the North Sea–
western Barents Sea Kimmeridge Clay Formation across an interprovincial transect. 
Several distinct C-isotope events are comparable and allow us to correlate successions 
at a higher resolution than using biostratigraphy alone. We identify four distinct isotopic 
events, including the northernmost record of a C-isotope shift in the Eudoxus Zone 
(Morgans-Bell et al. 2001), a short-term negative shift in the Hudlestoni Zone, as well 
as the Volgian excursion (VOICE) in the early Pallasioides Zone, in an intermediate 
setting between the High Boreal and Sub-boreal regions of north-western Europe. A 
δ13C event just above the J/K boundary registered in the High Boreal, is identified here 
in the Boreal realm. Correlation of isotopic signals up to 40˚N from the KCF type 
section, clearly demonstrates high correlation potential within this widespread 
formation and has applications for dating climatic events, for example, the widespread 
detection of a climatic shift from humid-arid conditions in the Late Jurassic. Despite the 
relatively restricted nature of ocean basins in north-western Europe and potentially 
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strong local influences on the C-isotope signal, the occurrence of excursions over a 
broad geographic range points to a potentially global origin of the C-isotope signals due 
to perturbations of the Earth’s carbon cycle.  
  
Despite the lack of radiometric ages, high-resolution correlation of latest Jurassic-
earliest Cretaceous successions can be achieved through an integrated approach. In 
particular, biostratigraphically constrained C-isotope stratigraphy allows for high 




4.7. Supplementary: Boreal C-isotope stack 
The studied sections from the Norwegian Continental Shelf are compiled with other 
Boreal records discussed in section 3.5.1, and presented in Figure 4.10 as a C-isotope 
stack for the late Kimmeridgian‒latest Berriasian (Late Jurassic‒Early Cretaceous). The 
C-isotope stack provides a broad context of potential perturbations in the Earth’s carbon 
cycle during this interval. The co-occurrence of large δ13C variations in both Boreal and 
‘Tethyan’ (Price et al. 2016) stacks, highlights these perturbations as globally 
significant. The grey infill represents the range of absolute values for both stacks, and 
good reproducibility of the C-isotope curves are interpreted where the width of the grey 
infill is narrow. However, discrepancies in the range of isotope values may also be due 
to minor localised factors, which do not overprint the global C-isotope signal but 
enhance the 13C:12C ratio, due to, for example, elevated primary productivity and 
nutrient variability (Jenkyns et al. 2002, Price et al. 2016). Also, minor δ13C events, of 
small amplitude, may be obscured in the carbon stack. Therefore, a 3-point moving 
average has been constructed for each section and stitched together to present a 
calculated average C-isotope record for the late Kimmeridgian‒latest Berriasian. The 
mid-Hudlestoni Zone event is particularly distinct in both Boreal stacks, but it not well 
discernible in the ‘Tethyan’ stack (Price et al. 2016), unlike a larger shift which seems 
to appear somewhat earlier in the Darwini Zone (equivalent to the late Wheatelyensis-
early Hudlestoni Sub-Boreal zones). 
 
The overall declining trend in C-isotope values through the Late Jurassic is in 
agreement in both Boreal and ‘Tethyan’ (Price et al. 2016) stacks. However, while 
trends in the ‘Tethyan’ records continue to decline into the Early Cretaceous, the Boreal 
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C-isotope stack indicates C-isotope records relatively stabilise for the late Tithonian and 
Berriasian. A long-term fluctuation is apparent in the Boreal records whereby C-isotope 
values seemingly increase from the Fittoni Zone, and return to baseline values in the 
early Rotunda Zone. Differences between the Boreal C-isotope records and those of the 
‘Tethyan’ stack may be localised features only found within and north of the 
Norwegian-Greenland Seaway. For example, in addition to the fluctuation described 
above, the elevated δ13Corg values in the Eudoxus-Elegans zones at Dorset, is also 
apparent in well 16/1-14 for this interval. However, this is not discernible in the 
‘Tethyan’ records. Nevertheless, both stacks are broadly comparable and indicate the 
global carbon perturbation signal for the late Kimmeridgian‒Berriasian interval. Also, 
the synchronicity of significant C-isotope events lends further support of the age models 
constructed via bio- and chemostratigraphy for the studied wells.  
 
Figure 4.10. A C-isotope stack of the studied sections from the Norwegian Continental Shelf and other 
Boreal records from the UK (Morgans-Bell et al. 2001), Svalbard (Hammer et al. 2012, Koevoets et al. 
2016), Russia (Zakharov et al. 2014) and Siberia (Dzyuba et al. 2013). A compilation of records stacked 
upon one another is presented in the middle based on absolute values. The curve on the left is shows a 3-
point moving average applied to each individual section which has been stitched together to form a 
continuous curve. The Boreal accounts are compared against the C-isotope stack of Price et al. (2016), 
which is mostly based on Tethyan records. 
  72 
Chapter 5. The age of the Tojeira Formation (Late Jurassic, Early Kimmeridgian), 
of Montejunto, west-central Portugal 
Turner, H. E., Gradstein, F. M., Gale, A. S., & Watkins, D. K. The age of the Tojeira 
Formation (Late Jurassic, Early Kimmeridgian), of Montejunto, west-central 
Portugal. Swiss Journal of Palaeontology, 136(2), 287-299 DOI 10.1007/s13358-017-
0137-6 
Received: 9th May 2017/Accepted: 27th June 2017. This article is an open access 
publication. Plate x has been added post publication. See p xviii for contributions and 
acknowledgments. 
 
Precise biostratigraphic dating of the Tojeira Formation (Late Jurassic, Early 
Kimmeridgian) of the Montejunto section of west-central Portugal, which has yielded 
important planktonic foraminiferal assemblages, is hindered by poor preservation in the 
upper part of the section as the lithology shifts from shale to coarser clastics. 
Assignment was previously made to the Planula and Platynota zones based on Tethyan 
ammonites. Coccolith and dinoﬂagellate assemblages described here concur with the 
Early Kimmeridgian, yet, a ﬁner age constraint is proposed by cyclo- and 
chemostratigraphical correlation. Peaks in δ13Corg and TOC, if equivalent to maxima in 
the envelope of clay/carbonate cycles in SE France, imply that the c. 50 m-thick section 
spans a 0.8-myr interval of the Platynota through upper Hypselocyclum ammonite 
zones, with the approximate base of the Hypselocyclum Zone at c. 15.4 m (level 13). 
Such stratigraphy provides new insights into the upper part of the formation by 
interbasinal correlation with other Tethyan records. An extended ﬁrst occurrence of the 




Several studies have been published on the micropalaeontology of the dominantly clay, 
marine Tojeira Formation, west-central Portugal. The formation has received attention 
because of its content with six or more taxa of common to frequent and relatively well-
preserved planktonic foraminifera of Kimmeridgian age (Stam 1986, Agterberg et al. 
1989, Gradstein 2017, Gradstein et al. 2017). However, the age of the formation as it 
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outcrops in the Montejunto area has received limited attention. Age assignment to the 
Planula–Platynota Tethyan ammonite zones of early Kimmeridgian age is explained in 
Atrops and Marques (1986) and Stam (1986). Yet, whilst the lower part of the Tojeira 
Formation and much of the underlying Montejunto Formation yield an abundance of 
ammonites, they become rare or absent towards the upper part of the Tojeira Formation. 
Moreover, macrofossil preservation is poor and many specimens are fragmentary. High-
resolution biostratigraphy is hampered by lack of internal biozonation or physical events 
stratigraphy in the Tojeira Formation. The foraminiferal studies quoted report on few 
age determinate species which also provide no additional stratigraphic information 
within the Kimmeridgian.  
The Tethyan ammonite zonal scheme (Sub-Mediterranean) has been calibrated to those 
of the Sub-boreal (Britain) and Boreal (Russian Platform–Arctic) (Gradstein et al. 2012 
and references therein). However, due to the provincial distribution of ammonite faunas 
in the Late Jurassic Boreal seaways and marine shelf margins of the Tethys Ocean, 
exact interregional correlation is uncertain and an ongoing topic for debate (Wimbledon 
2008). The international base of the Kimmeridgian Stage occurs at the base of the Sub-
boreal Baylei Zone and, as now deﬁned, corresponds to the middle of the Bimammatum 
Zone in the Tethyan realm or, according to Wierzbowski and Matyja (2014), at the 
boundary between the Hypselum and Bimammatum zones. The Tethyan Kimmeridgian 
base is no longer at the base of the Platynota Zone, as used by previous studies of the 
Tojeira-1 section (e.g., Atrops and Marques 1986).  
Stratigraphic resolution is increased by calibrating ammonite zones with the coccolith 
zonation scheme of Casselato (2010) and the dinoﬂagellate zonation scheme of Riding 
and Thomas (1988, 1992) and Poulsen and Riding (2003) which have ﬁner subdivisions 
than either regional ammonite scheme. Considerable literature exists on the ranges of 
dinoﬂagellate index species in the Late Jurassic; however, the provincialism of those 
index species between the north-western Europe faunal realms is less documented. 
Ammonite and dinoﬂagellate assemblages intermediate between the Boreal and Sub-
boreal biomes apparently show comparable ranges (Wierzbowski et al. 2002). Poulsen 
and Riding (2003) also note that, despite marked provincialism, many index species 
remain of value for local correlation.  
Carbon isotope chemostratigraphy is a reliable correlation tool when integrated with 
biostratigraphy (e.g., Gale et al. 1993, Jarvis et al. 2006, and many others). Reliability, 
which also may be called stratigraphic ﬁdelity in marking speciﬁc levels, is dependent 
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on multiple factors, primarily accurate biostratigraphy. This includes whether there was 
restricted water mass exchange at the time of deposition which would cause an imprint 
over the original δ13Corg signal. Nevertheless, multiple δ13Ccarb records exist for the 
Tethyan Late Jurassic which, when stacked, show regional carbon cycle perturbations 
over localised records (e.g., Price et al. 2016). Additionally, where relative 
sedimentation rates are assumed to be constant, cyclostratigraphic correlation with an 
orbitally tuned coeval section improves age resolution. Comparison of some 
Kimmeridgian δ13C records with the Tojeira section δ13Corg proﬁle is applied as a 
support in age determination. New geochemical and biostratigraphical data increase 
stratigraphic resolution of the Tojeira section, as reported on here. 
 
5.2. Geological setting 
An almost complete, but folded and faulted, sequence of Bathonian through 
Kimmeridgian marine strata is exposed in the Montejunto area, c. 50 km north of 
Lisbon. The strata are well exposed on the ﬂanks of Montejunto, a 664-m high diapiric 
structure, c. 7 km NE of Vila Verde (Figure 5.1.a.). Our stratigraphic account follows 
that of Stam (1986). From Bathonian through Oxfordian times, a carbonate platform 
persisted, locally of lagoonal facies. An early Kimmeridgian rifting (tectonic 
subsidence) event, which preceded inﬂux of over 1 km thick marine siliciclastics of the 
Abadia Formation, caused break-up of the carbonate platform. A transect sketch (Figure 
5.1.b.) shows the postulated tectonic-sedimentary setting. Upper Jurassic strata include, 
from older to younger, the Cabacos, Montejunto, Tojeira, Cabrito, Abadia and Amaral 
formations, with a total thickness of over 1500 m.  
Above the disconformity between the Upper Callovian and Lower Oxfordian, the 
Cabacos Formation comprises about 250 m of platy, thin-bedded grey limestones. The 
Montejunto Formation comprises thick-bedded, white to grey micritic limestone which 
alternate with bluish-grey limestones, and grey hard shales, with thicker shales near the 
top. Several metres wide crinoid-brachiopod biostromes occur in the middle part of the 
unit. The formation is over 200 m thick with ammonites common to frequent. The 
Tojeira Formation is over 70 m thick consisting almost entirely of dark grey shales with 
limonitic concretions and is generally brownish-red towards the middle. Pyritized 
ammonites are common in the lower part of the unit, and silt content increases  
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Figure 5.1. Location of the sections involved (a) and a schematic of the southern slope of Montejunto (b). 
Numbers 1–7 correspond to the ammonite successions of Atrops and Marques (1986). 
considerably near the top; belemnites are rare. The overlying Cabrito, Abadia and 
Amaral formations together are over 1 km thick with marine sands, silts and 
conglomerates. Olistolithic limestone blocks and reworked coralline bodies occur, along 
with sand channel deposits with abundant ripple marks and low-angle crossbedding.  
The Tojeira sections of Stam (1986) and Agterberg et al. (1989) were revisited in 2016 
to resample the Tojeira-1 section approximately every metre (Figure 5.4). Our 2016 
samples M1-1–M1-3 are from a dirt path outcrop of the Montejunto section (Figure 
5.1), but are not reported on here. The lowest sampling level from the Tojeira-1 section 
is approximately at the base of the stratigraphic column in Figure 5.4. —see Gradstein 
(2017) and Gradstein et al. (2017) for full locality description. Our investigations reveal 
that the Tojeira-2 section in cross section 2 of Stam (1986), between the village of 
Tojeira and Pereiro, had largely vanished due to domestic construction and agriculture. 
A new outcrop, Tojeira-3 section (Figure 5.1.a.), is exposed halfway along the road 
from Montejunto to Vila Verde dos Francos. Sandy siliclastics of the upper part of the 
outcrop probably indicate upper Tojeira or lower Cabrito Formation, but is not reported 
on here (see Gradstein 2017). 
 
5.3. Biostratigraphy 
The Tojeira Formation was assigned to the Planula–Platynota ammonite zones by 
several authors (Mouterde et al. 1971, 1973, 1979, Atrops and Marques 1986, Stam 
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1986). The boundary between the two zones can be identiﬁed by the ﬁrst occurrence 
datum (FAD) of S. platynota (Moliner and Olóriz 2009). However, in general, 
occurrences of S. platynota reduce towards the upper part of the Platynota Zone. The 
base of the following Hypselocyclum Zone is deﬁned by the FAD of the genera 
Ataxioceras and last occurrence (LAD) of S. platynota. Age controls for the section are 
reviewed with consideration of new material presented here. 
 
5.3.1. Ammonites 
The boundary between the Tojeira Formation and underlying Montejunto Formation is 
represented by succession 2 of Atrops and Marques (1986, Figure 5.4). Faunal 
successions of Atrops and Marques (1986) are shown in Figure 5.1.b. Ammonites are 
considered rare, but include Epipeltoceras bimammatum suggesting a latest Oxfordian–
Early Kimmeridgian Bimammatum Zone age. The two identiﬁcations of Idoceras 
(Subnebrodites) planula indicating the Planula Zone come from the overlying 
succession. Succession 4 is not accessible due to an accumulation of modern deposits 
within the valley (see Figure 5.1). Successions 5–7 are equivalent to our Tojeira-1 
section, the base of which overlies a conspicuous limestone band (Figure 5.2).  
However, at this horizon Atrops and Marques (1986) instead assigned the top of the 
Tojeira Formation and the base of the Abadia Formation; the Cabrito Formation was not 
studied. At the base of succession 5, S. platynota and Orthosphinctes polygyratus are 
considered fairly abundant. Atrops and Marques (1986) suggest the Oxfordian–
Kimmeridgian boundary (which is now equivalent to the Planula–Platynota zonal 
boundary) occurs at this horizon at the top of succession 4. Succession 5 is attributed to 
the Platynota Zone, Sub-zone Polygyratus. Sutneria platynota is also present in 
succession 6, alongside Taramelliceras (Metahaploceras) aff. nodosiusculum in the top 
part which characterises the younger Hypselocyclum Zone.  
Stam (1986) deﬁned the Tojeira Formation based on ammonites identiﬁed by T. Poulton 
in 1983 [Report No. J-3-TTP-e1983 in Stam (1986), Appendix]. Of the 11 collections of 
ammonites, 4 were collected from the Tojeira shales (at the same site as the Tojeira-1 
section), the remainder from the Montejunto and Cabaco limestones (Figure 5.1.b). 
Perisphinctes (Progeronia) (?) or Lithacoceras (?) sp. is reported from sample 
6.10/6.11 (of Stam’s 1986 sample numbers) and one unknown horizon, and 
‘‘Perisphinctes’’ sp. from samples 6.22 and 6.4. Stam’s (1986) sample numbers  
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Figure 5.2. Limestone band and marlstone as the base of the Tojeira-1 section. The first sampling level is 
located just above the shrubbery that overhangs this part (top photo). Looking downwards on to the lower 
Tojeira-1 section from a goat path. In the distance, the Montejunto section outcrops along a road (bottom 
lower photo). Photo credit to Professor Felix Gradstein. 
described here for the Tojeira Formation equate approximately to the lowermost part of 
the Tojeira-1 section. The few subgeneric assignments given were noted as tentative at 
best. This included the Progeronia triplex group of Perisphinctids which constrained the 
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interval to the lowermost Kimmeridgian along with O. polygyratus which is reported 
from the Oxfordian–Kimmeridgian boundary (Besems and Love 1988, Matyja and 
Wierzbowski 2003). However, for the most part only juvenile or inner whorls were 
found, hindering conﬁdent differentiation of the dominant group, Perisphinctids, which 
mostly relies on size, apertural modiﬁcations and ribbing modiﬁcation of the adult. 
Other age constraints are often conﬂicting. Perisphinctes in samples 6.10/6.11 have 
some resemblance to Taramelliceras pseudoﬂexuosa (now T. compsum). This suggests 
a younger age as this species has been reported mostly from the Aspidoceras 
acanthicum Zone (Baudouin et al. 2011) and no older than the Hypselocyclum Zone 
(Pszczółkowski et al. 2016, Fig. 14). Additionally, Perisphinctes danubiensis identiﬁed 
within sample 6.4 may suggest a lower Tithonian age (Schweigert and Scherzinger 
2004).  
There is also uncertainty regarding the precise age of the underlying Montejunto 
Formation (Figure 5.2). Of the ﬁve collections of ammonites, the age from two cannot 
be determined, and of the remaining three there are sample numbers for two collections, 
only. T. Poulton (Stam 1986) recognised in Stam’s (1986) sample 5.7 that P. 
(Orthosphinctes) suggests the assemblage probably belongs to the Planula Zone; 
however, some specimens [i.e., Perisphinctes (Arisphinctes) (?) sp.] are similar to older 
(lower Perisphinctes bifurcatus Zone) species elsewhere. Stam’s (1986) sample 14.2 is 
likely the Hypselum Zone as deﬁned by T. Poulton (Stam 1986); however, the P. 
(Arisphinctes?) is noted to have similarities to upper Perisphinctes plicatus–
Gregoryceras transversarium faunas. Overall age inferences for the Monetejunto 
ammonite collections range from the Aspidoceras hypselum Zone to as old as the 
Perisphinctes plicatilis zones. 
 
5.3.2. Foraminifera 
The micropaleontology of the Tojeira Formation, studied by Stam (1986), Agterberg et 
al. (1989), Gradstein (2017) and Gradstein et al. (2017), revealed common to abundant 
Jurassic planktonic foraminifera. Many samples, particularly in the middle part of the 
Tojeira unit, are rich in specimens using fractions of 65–125 μm and 125–180 μm of 
washed residues. Hundreds of well-preserved specimens may be picked from the 
washed residues in a relatively short time. In the middle and upper part of the Tojeira 
Formation, several picked residues of the Stam (1986) and Agterberg et al. (1989) 
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collections were re-studied in detail by Gradstein (2017). Based on the morphological 
variability observed, six or more Jurassic planktonic foraminiferal types, all 
microperforate (forms which have >1 μm pore-diameters) were distinguished in the 
samples. Portuguese Jurassic planktonic foraminifera include Globuligerina oxfordiana, 
G. balakhmatovae, G. tojeiraensis, G. bathoniana, Conoglobigerina grigelisi and C. 
helvetojurassica. This assemblage is considered to be typical for Kimmeridgian strata 
(Stam 1986, Gradstein 2017). The assemblage occurs together with Pseudolamarckina 
rjasanensis and a rich epistominid (of the genera Epistomina) assemblage, including E. 
mosquensis and E. uhligi. Mjatliuk (1953) describes P. rjasanensis as rare to common 
in the Middle and Upper Callovian clays, yet, abundant in the argillaceous 
Kimmeridgian deposits. E. mosquensis is typical of the Callovian (Kalantari 1969; 
Pandey and Dave 1993) and its range top is considered characteristic of the 
Callovian/Oxfordian boundary in India by some workers (Subbotina et al. 1960; Talib et 
al. 2007). However, in the Grand Banks, Canada, the highest stratigraphical occurrence 
of E. mosquensis, alongside E. uhligi, extends the Jaccardi formaniferal Zone of Late 
Oxfordian–Early Kimmeridgian age (Gradstein 1979, Stam 1986). The stratigraphic 
range at the Grand Banks section is a more reliable comparison given the relative close 
proximity to the Lusitanian basin in the Late Jurassic, whereas India lay in the Southern 
Hemisphere.  
According to Pazdro (1969), epistominids are restricted to silty–clayey–marly 
sediments in which E. mosquensis and E. uhligi are abundant and P. rjasanensis is 
frequent. The increased calcareous planktonic sedimentation may have improved the 
preservation potential of epistominids tests (including E. mosquensis). Agglutinated 
foraminiferal taxa and micro-gastropods are also abundant in the section. Discorbis 
paraspis and D. scutiliformis are rare. This benthic foraminiferal assemblage is only 
known from deeper neritic and bathyal environments (Stam 1986), in agreement with a 
deeper, basinal setting. 
 
5.3.3. Dinoﬂagellate cysts and other palynomorphs 
Samples were selected at regular intervals throughout the Tojeira-1 section for standard 
palynological processing. Processing included disaggregation by hydrochloric and 
hydroﬂuoric acids of approximately 25 g of sample, sieving and separation of organic 
material using sodium polytungstate with a speciﬁc gravity of c. 2.1.  
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Index species were recoverable from levels 2, 4, 24 and 26 in low numbers. Few other 
cysts occur at levels 19 and 48, but for the most part, they are absent within the 
remaining palynomorph assemblage (Figure 5.3.) Identiﬁed dinoﬂagellate cysts in order 
of most to least common are as follows, Gonyaulacysta jurassica jurassica, 
Cribroperidinium spp., Leptodinium subtile, Systematophora areolata, 
Meiourogonyaulax sp., Dichadogonyaulax? pannea, Rhynchodiniopsis cladophora, 
Leptodinium eumorphum, Systematophora orbifera, Systematophora spp., Occisucysta 
sp., Tehamadinium cf. aculeatum and Endoscrinium luridum. The pollen–spore 
associations are of low diversity. These include bisaccate pollen, Classopollis 
classoides, Callialasporites dampieri, Cerebropollenites mesozoicus and Deltoidospora 
sp., along with frequent foraminiferal linings, terrestrially derived material (i.e., wood) 
and sphaeromorphs abundant throughout.  
The palynological assemblage is typical of the Late Oxfordian–Kimmeridgian 
dinoﬂagellate cyst interval zones Scr–Elu of Riding and Thomas (1988, 1992). Despite 
poor preservation and low abundance of dinoﬂagellate cysts, a number of index species 
suggest a Kimmeridgian age. Tehamadinium cf. aculeatum occurs at level 4. This 
species has a base in the Oxfordian in the Sub-boreal realm. Occurrences of this species 
in England range from the Late Oxfordian (Thomas and Cox 1988) to the 
Mutabilis/Eudoxus zonal boundary (Riding and Thomas 1988). The Tojeira-1 section is 
no younger than Kimmeridgian, given the range tops of G. jurassica jurassica and E. 
luridum which coincide in the Autissiodorensis Zone (Riding and Thomas 1992, Bailey 
et al. 1997, Poulsen and Riding 2003). Rhynchodiniopsis cladophora is typical also for 
the Kimmeridgian with only rare records reported of this species above the Eudoxus 
Zone (Riding and Thomas 1992). The spore and pollen associations are typical for the 
Late Jurassic, but are of little value for precision biostratigraphy.  
The presence of Dichadogonyaulax? pannea (Figure 5.3.), however, at level 2 suggests 
a conﬂicting age of no older than the species’ ﬁrst occurrence in the Sub-boreal 
Mutabilis Zone (Riding and Thomas 1992). This age is at least two Tethyan ammonite 
zones younger than the age given to the Tojeira-1 section by Stam (1986), and given the 
ammonite biostratigraphy, a younger age at this level is improbable. More likely, the 
species’ ﬁrst occurrence may have been earlier in the Tethyan Lusitanian basin. The ﬁrst 
occurrence of D. pannea as a zonal index species is mostly founded on Sub-boreal 
records. In England, it appears in the Early Eudoxus Zone in Lincolnshire (Riding  
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Figure 5.3. Selected dinoflagellate index taxa from the Tojeira-1 section, including; a, R. cladophora (at 2 
m); b, G. jurassica jaurassica (at 2 m); c, L. subtile; d, D. pannea (at 4 m); e, S. areolata (at 4 m). Scale 
bar is equivalent to 50 μm.  
 
1987) or younger still, the Wheatleyensis Zone in Dorset (Riding and Thomas 1988). In 
the British–Danish sector of the North Sea it is recorded in the Late Kimmeridgian 
(Poulsen and Riding 2003) and in Poland, Poulsen (1994) notes its ﬁrst occurrence in 
the Early Tithonian. It has become a biostratigraphic marker for Late Kimmeridgian–
Tithonian assemblages (Riley 1980, Bailey et al. 1997, Poulsen and Riding 2003). The 
species’ range is reported to extend no further than the Oppressus Zone in the Sub-
boreal realm (Riding and Thomas 1992); however, in the western Barents Sea, it 
extends to the Ryazanian (Smelror and Dypvik 2005). The range of D. pannea may 
consequently differ in the Tethyan realm. Hamad and Ibrahim (2005, Fig. 5) illustrate 
the range base of D. pannea within the Late Oxfordian of Qatar, though the authors do 
not denote the source clearly. Likewise, elsewhere in Portugal, Taylor et al. (2014) ﬁnd 
D. pannea throughout the Lourinhã Formation (Eudoxus–Hybonotum Tethyan 
ammonite zones) and reference its base within the Hypselocyclum Zone, Early 
Kimmeridgian (see Taylor et al. 2014, Fig. 6). However, those references sourced either 
do not mention D. pannea or are unobtainable by the author. Ied and Lashin (2016) list 
D. pannea within an assemblage of Oxfordian–Kimmeridgian species from Egypt, but, 
a range base is not given. Clearly, discrepancy exists regarding the ﬁrst occurrence of D. 
pannea. 
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5.3.3.1. Depositional environment 
The low-diversity dinoﬂagellate cyst assemblage is typical of other Kimmeridgian 
Portuguese biotas (e.g., Borges et al. 2011). Assemblages from further north in Europe 
have markedly higher diversities (i.e., Riding and Thomas 1988). This may be due to 
partial restriction in the Lusitanian basin preventing some mixing of the dinoﬂagellates 
with areas outside Portugal. The depositional environment would have likely been 
within relatively deep, warm, marine waters; the majority of the dinoﬂagellate taxa have 
such palaeoecological afﬁnities (Riding and Hubbard 1999) and the epistominid 
assemblage is indicative of bathyal environments. However, a proximal setting is likely 
given the abundance of sphaeromorphs (Stricanne et al. 2004) and the high abundance 
of Classopollis, a suggested proxy for regions marginal to bodies of water 
(Vakhrameyev 1982). Also, Classopollis classoides mostly remains intact as tetrad or 
quads. This indicates that transportation distances and energy levels were likely low, 




Calcareous nannofossils occur through the sampled section as moderate to poorly 
preserved assemblages constituting approximately 2–5% of the sediment by volume. 
Although the bulk of the specimens are considered to be autochthonous, there is a 
signiﬁcant and, in some samples, substantial component of reworked nannofossils 
(discussed below). The authochthonous assemblage is dominated by Watznaueria 
barnesiae and Ellipsogelasphaera communis, which together comprise an average of 
about 80% of the assemblages. The presence of Favoconus multicolumnatus without 
any Conusphaera indicates Zone NJT14 of Casselato (2010). This placement is 
corroborated by the occurrences of Calcivascularis cassidyi, Staurolithites lumina and 
Crepidolithus perforatus. Staurolithites lumina has its ﬁrst appearance at level 5 and 
occurs consistently in low numbers throughout the rest of the section. Bergen et al. 
(2014) place the ﬁrst appearance of S. lumina in the upper part of the I. planula Zone, 
implying similar placement of the Tojeira datum. Calcivascularis cassidyi occurs as 
single specimens in samples below level 38, but is consistently present as multiple 
specimens in samples from levels 38–48. This horizon (level 38) may correspond to the 
‘‘First Regular Occurrence’’ datum of Bergen et al. (2014), which those authors place in 
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the upper I. planula Zone. However, this disagrees with the ammonite biostratigraphy 
which indicates the I. planula Zone terminates at or below the base of the Tojeira-1 
section. Crepidolithus perforatus (=Millbrookia perforata) occurs sporadically through 
the entire section at Tojeira, including the uppermost sample at level 48. On TS Creator 
(Version 7.0), the last appearance of this species is placed at or near the base of the A. 
hypselocyclum Zone (Ogg et al. 2016). This is based on interpretation by Bown and 
Cooper (1998) that although its ﬁnal occurrence lies within the Tithonian, in the P. 
baylei Zone C. perforatus becomes rare/sporadic. If accurate, this datum provides the 
means to restrict the Tojeira-1 section to the mid-Planula to upper Platynota zones of 
the Early Kimmeridgian. However, Bergen et al. (2014) place this datum signiﬁcantly 
higher (Beckeri Zone) in the Late Kimmeridgian. Consequently, the age of the top of 
the Tojeira-1 section cannot be deﬁnitively placed using calcareous nannofossils. 
 
5.3.4.1. Reworking 
There are 11 coccolith species occurring in the Tojeira-1 section that are clearly 
reworked, as their ranges end prior to the Kimmeridigan. At least two different source 
ages are indicated by these taxa: Pliensbachian (Early Jurassic) and Bajocian (Middle 
Jurassic). The coccolith assemblages in levels 20–21 are characterised by at least 24 and 
21.5%, respectively, of specimens that have most likely been reworked. This reworking 
event and the distribution of likely reworked specimens compared to the total count of 
autochthonous specimens are shown in Figure 5.4. Detrital material would impose a 
false δ13C value in the record (e.g., Melchin and Holmden 2006); therefore, the δ13Corg 
values between levels 20–21 are considered unreliable. Elsewhere in the sequence, there 
is a count of no more than ~2% reworked/in situ specimens. Although this is a 
minimum expectation, the low proportions are considered to have a negligible effect on 
the C-isotope values. 
 
5.4. Chemostratigraphy 
5.4.1. Physical properties 
To acquire both TOC and δ13C values for the Tojeira-1 section, fresh sediment chips 
(<10 g) were ground in a clean lab and treated with a solution of 5% HCl. Between 1 
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Figure 5.4. Lithostratigraphy of the Montejunto area and stratigraphic log of the Tojeira-1 section 
alongside δ13C, TOC, CaCO3 and reworking data. Smoothing, via a 4-point moving average has been 
applied to the δ13C, TOC and CaCO3 records (overlain in blue). 
1020 °C combustion on a Flash 2000 Organic Elemental Analyzer and isotope ratio 
mass spectrometry was performed with a MAT 253 at the stable isotope geochemistry 
laboratory at the Open University, Milton Keynes, UK. The results were calibrated 
using repeated measurements of in house reference solutions and international 
standards. Rock–Eval data were provided by L R. Snowdon (Geological Survey of 
Canada) on behalf of B. Stam in 1985. The results presented here are based on 15 
samples provided from Tojeira-1 section collected by Stam (1986) and are correlated to 
δ13C and TOC values presented in this study.  
The δ13Corg record of the Tojeira-1 section deviates little from an average value of -
23.2%. Heaviest values of -24.4 and 23.2% occur as peaks within a distinct couplet at 
levels 17 and 20 and correspond to a break in the oscillatory pattern in the TOC record. 
The TOC curve is mostly smooth between levels 13 and 21. After this interval in the 
δ13Corg record, there is a discrete shift from -22.6% at level 27 to 23.4% at level 39. 
There is a comparably progressive decline in the TOC record for this interval; however, 
overall there is a very low content of organic carbon (0.4–1.2 wt%).  
Correlation between existing δ13C records with that of the Tojeira-1 section reﬁnes the 
biostratigraphical age range provided above. Reliability is dependent on multiple 
factors, however, including the possibility of local palaeoceanographic imprint on the 
overall isotopic composition of inorganic dissolved carbon in the oceans. The inﬂuence 
on δ13Corg by local processes is considered unlikely for the Tojeira-1 section. There is 
no correlation between δ13Corg and TOC (R2 = 0.2). Likewise, the relationship between 
Rock–Eval parameters and δ13Corg is R2 = 0.2 (Tmax) and R2 =-0.5 (HI). The majority 
(76%) of Tmax values are below 435 °C indicating shale immaturity (Hunt 1996). Thus, 
the δ13Corg proﬁle is unlikely to have been inﬂuenced by thermal degradation. 
Interpretation of Tmax values is, however, tentative due to low TOC values and thus 
difﬁculty in measuring small S2 peak areas. 
 
5.4.2. Time series analyses 
Programs used to carry out time series analyses in the depth domain included PAST 
v.3.15 (Hammer et al. 2001) and Redﬁt3.8 (Schulz and Mudelsee 2002), a program 
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speciﬁcally designed to analyse time series with uneven sampling rates. The C-isotope 
and TOC records appear to show regular cycles. The Redﬁt power spectra of δ13Corg and 
TOC (Figure 5.5.) both reveal a signiﬁcant peak above the 95% false-alarm level (FAL) 
at a frequency of 25.9 m/cycle. A second prominent peak occurs above the 85% FAL at 
6.47 and 7.4 m/cycle in the TOC and δ13Corg records, respectively. Bandpass ﬁlters 
centred on the 26 and 6.5 m/cycle spectral peaks have been applied to the TOC data 
using PAST v.3.15. The data were regularly interpolated, and the mean was subtracted. 
Although the section is short, the larger frequency (25.9 m/cycle) may represent the 
405-kyr long eccentricity cycle, which is the most reliable Milankovitch cycle for the 
Mesozoic (Laskar et al. 2004). This is supported by the presence of the 6.47 m/cycle 
frequency in the TOC record which occurs four times within the larger 25.9 m/cycle 
frequency. This may represent short-term eccentricity. Statistical reliability is, however, 
reduced as the larger frequency appears less than three times. Therefore, identiﬁcation 
of this frequency as an orbital cycle is proposed, but not veriﬁable without further study 




We compared the interpreted 405 kyr cycles at Tojeira to those interpreted by Boulila et 
al. (2008) at La Méouge, southeastern France in Figure 5.5. A 25.7-kyr/cycle bandpass 
shows precession periodicity at La Méouge modulated by long-term eccentricity 
(Boulila et al. 2008). We identiﬁed two maxima in long-term wavelength cyclicity at the 
Tojeira-1 section and, assuming a steady sedimentation rate, correlated the cycles to 
Max2–3 of Boulila et al. (2008) using the ammonite zonal boundaries of the Tojeira 
Formation proposed by Atrops and Marques (1986). Thus, the A. hypselocyclum Zone 
falls approximately at Max2, and the I. planula–S. platynota boundary below the 
Tojeira-1 section. This age reﬁnement is in agreement with the ammonite 
biostratigraphy of Atrops and Marques (1986), where the I. planula–S. platynota 
boundary is suggested probably at the top of their succession 4 (Figure 5.1.b), and the A. 
hypselocyclum Zone within the upper part of succession 6. The Early Kimmeridgian S. 
platynota–C. divisum zones were orbitally calibrated by Boulila et al. (2008) and 
provide a reliable age constraint for interbasinal correlation. The Tojeria-1 section is too 
short to statistically conﬁrm the presence of an orbital periodicity and, therefore, 
correlation to eccentricity cycles at La Méouge is uncertain. However, the long- and  




Figure 5.5. Cyclostratigraphic correlation based on long-term eccentricity cycles between La Méouge 
(solid black curve adjacent to the precession bandpass) (from Boulila et al. 2008) and the Tojeira-1 
section bandpassess based on Redﬁt spectral analyses. MS magnetic susceptibility 
 
short-term eccentricity cycles suggested at the Tojeira-1 section plausibly correlate to 
the eccentricity cycles at La Méouge. 
This proposes precision in the ammonite zonation scheme in the absence of a well-
constrained biostratigraphy in the upper part of the Tojeira-1 section. Correlation of the 
δ13Corg excursions, synchronous with peaks in TOC, to the minima in oscillations in SE 
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France would not match with the biostratigraphic controls. For example, to instead 
correlate level 13 to the ﬁrst minima in the La Méouge section, would reduce the S. 
platynota Zone beneath horizons where S. platynota were identiﬁed. Similarly, if level 
13 correlated with the second minima between Max2–3 (level 23), this would extend 
the S. platynota Zone into Atrops and Marques’ (1986) succession 6, where the younger 
A. hypselocyclum Zone is represented according to their ammonite identiﬁcations.  
Correlation of the organic carbon isotope record for the Tojeira-1 section with that taken 
from other sections provides additional age support. At the onset of the Late Jurassic, 
there was widespread black shale deposition across north-western Europe (UK, North 
Sea, Lusitanian Basin, Agterberg et al. 1989); however, organic carbon records in the 
Tethyan realm are uncommon. This is due to the dominance of carbonate supply in the 
Tethyan realm over clastic in Boreal-Arctic latitudinal successions. Therefore, isotope 
data are mostly derived from carbonate carbon in the Tethyan realm and organic carbon 
in the Boreal realm. Boreal realm organic carbon records from age equivalent sections 
in the UK (Morgans-Bell et al. 2001), Scotland (Nunn et al. 2009) and Russia 
(Riboulleau et al. 1998, Price and Rogov 2009) show a conspicuous positive excursion 
in the R. cymodoce Zone (Sub-boreal equivalent to the Platynota/Hypselocyclum zones) 
and are correlated here to the Tojeira-1 section C-isotope record (Figure 5.6.).  
The lowermost Kimmeridgian ammonite zone (the Sub-boreal Baylei Zone) is 
represented by an interval of stratigraphic incompleteness in the type section of the 
Kimmeridge Clay Formation (KCF) in Dorset (Morgans-Bell et al. 2001) and, therefore, 
this zone cannot be correlated to. However, although there is evidence for erosional 
surfaces in the overlying Cymodoce–Mutabilis zones in the KCF type section cores, a 
minor positive excursion is still apparent (Figure 5.6.). Likewise, from the Isle of Skye, 
Scotland, there is a peak in the C-isotope record in the Cymodoce Zone (Nunn et al. 
2009), and in the carbonate carbon record for Makariev village, Russia, is a deﬁnitive 
positive peak (Riboulleau et al. 1998, Price and Rogov 2009). The cyclostratigraphical 
age suggestion for the Tojeira-1 section (constrained by biostratigraphy) places a 
conspicuous peak of similar scale to those Boreal records outlined, in the early 
Hypselocyclum Zone. This compares well to the aforementioned records indicating a 
reliable age tiepoint. This minor excursion is present in both the organic and carbonate 
carbon records from Scotland, as a positive ﬂuctuation in the Cymodoce Zone (Nunn et 
al. 2009). However, as shown by an overlay of δ13Ccarb Tethyan records of southern 
Europe by Price et al. (2016), a minor positive peak in the Hypselocyclum Zone is not  




Figure 5.6. C-isotope correlation of the Tojeira-1 section 
with a Boreal organic and carbonate carbon record stack 
(Dorset, Morgans-Bell et al. 2001; Scotland, Nunn et al. 
2009, Russia, Riboulleau et al. 1998, Price and Rogov 
2009) and a Tethyan δ13Ccarb stack from Price et al. (2016). 
See Price et al. (2016) for a full list of references and 
details on the sections they included. Of the Price et al. 
(2016) stack, the Gorges du Pichoux, Swiss Jura record 
was not included due to δ13C interference from localised 
factors, and as the Lókút Hill section had very few data 
points for the Early Kimmeridgian to interpret meaningful 
shifts, the record was not included in the Tethyan stack 
here tuned coeval section in southeastern France (Boulila 
et al. 2008). This cyclostratigraphy is not a primary age 
control, but a supportive tool to increase the age 
resolution. Whereas previous dating methods for the 
Tojeira Formation are reliant on preservation of key taxa, 
the combination of biostratigraphy with geochemical 
correlation in our integrated approach improves the age 
determined of the section as a whole. 
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clearly recognisable. Indeed, at the Oxfordian–Kimmeridgian boundary is a pronounced 
positive shift that declines across the lowermost Kimmeridgian Tethyan ammonite 
zones, appearing to culminate over the Platynota–Hypselocyclum zonal boundary in 
some accounts (see Figure 5.6.). Thereafter, average values appear to steady, apart from 
in Długa Valley, Poland which shows a positive shift at this point, similar to the Boreal 
carbonate and organic records (Figure 5.6.) (Jach et al. 2014). 
 
5.5. Conclusions 
High-resolution biostratigraphic dating of the Tojeira Formation at Montejunto is 
limited. Reworking is likely in the coccolith assemblages which suggest two separate 
source ages, and much of the section sampled for palynology is barren in 
dinoﬂagellates. Those that are recoverable in the lower part of the section are infrequent 
and of reduced diversity. The index species do, however, concur with a Kimmeridgian 
age, as do the autochthonous coccolith assemblages. The abundance of ammonites is 
similarly poor, and the preservation signiﬁcantly declines towards the overlying Cabrito 
Formation where silt content increases dramatically, as is also apparent in the Tojeira-3 
section (Figure 5.1.a). Although some key stratigraphic taxa are recoverable, indicating 
ammonite zones Platynota–Hypselocyclum (Atrops and Marques 1986), the zonal 
boundaries are tentative. The application of geochemical data presented here via chemo- 
and cyclostratigraphic correlation, reﬁnes those boundaries more precisely. High and 
low frequencies are shown in the Tojeira-1 section by spectral analyses, although the 
section is short and only two long-term wavelength periodicity cycles, possibly in the 
order of 405-kyr, are present. However, we suggest that the recurrence of two maxima 
can be ﬁtted to an orbitally tuned coeval section in southeastern France (Boulila et al. 
2008). This cyclostratigraphy is not a primary age control, but a supportive tool to 
increase the age resolution. Whereas previous dating methods for the Tojeira Formation 
are reliant on preservation of key taxa, the combination of biostratigraphy with 
geochemical correlation in our integrated approach improves the age determined of the 
section as a whole. 
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Chapter 6. Diagenesis and Late Jurassic–Early Cretaceous climate change record 
in clay minerals of the Norwegian-Greenland Seaway 
 
See p xviii for contributions and acknowledgments. 
The humid climate of north-western Europe during the Late Jurassic‒Early Cretaceous 
was punctuated by a widespread arid phase. There are few well constrained and 
complete sections that document this climate shift from (semi-) humid -arid - humid 
conditions. Detrital clay minerals formed in soils and derived through weathering may 
be used as palaeoclimatic proxies, and here, clay mineral assemblages from several well 
constrained sections from the Norwegian Continental Shelf are presented as a N-S 
transect of the Norwegian-Greenland Seaway. Palaeoclimate signals in some of the clay 
mineral sections are complicated by diagenetic overprinting. Yet, towards the High 
Boreal realm of the Norwegian-Greenland Seaway there are discernible palaeoclimatic 
signals in clay mineralogical trends. In well 7120/2-3 of the High Boreal, depletion in 
kaolinite relative abundance is consistent with increasing aridification and is 
comparable with published Sub-boreal data. Kaolinite returns to the clay mineral 
assemblage in well 16/3-4 across the J/K boundary. While the end arid phase of the Late 
Jurassic is recorded in the mid-Berriasian by Sub-boreal accounts, we record a late 
Berriasian climatic shift in well 16/3-4 of the North Sea showing semi-humid conditions 
reached ~40 °N later than at 30°N in the Norwegian-Greenland Seaway. 
 
6.1. Introduction 
During the Late Jurassic of north-western Europe there was a significant climatic shift 
from semi-humid to semi-arid conditions as a low-latitude arid belt expanded 
northwards. Increasing aridity was punctuated by a short humid phase in the mid-
Tithonian (Hesselbo et al. 2009), but, wetter, semi-humid conditions returned in the 
Berriasian (Hallam 1984, Allen et al. 1998). Clay mineralogical (Wignall and Ruffell 
1990, Hallam et al. 1991, Hallam et al. 1993, Ruffell et al. 2002, Schnyder et al. 2006, 
Hesselbo et al. 2009) palynological (Abbink et al. 2001) and macropalaeontological 
records (Francis 1984, Ziegler 1994, Rees et al. 2000) indicate increasing aridification 
in the Kimmeridgian–Tithonian followed by a humid phase after the mid-late 
Berriasian. 
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In southern England, climate change is suggested lithologically where Portland-Purbeck 
limestones and evaporites overly clastic mudrock facies of the Kimmeridge Clay 
Formation (Hallam 1984, Westhead and Mather 1995, Schnyder et al. 2006). Evaporite 
beds are interpreted as an acme of aridity (Kinsman 1976, Westhead and Mather 1996), 
and their occurrence in the lower Purbeck Limestone Group signifies a peak in aridity in 
the Tithonian (Late Jurassic). Occurrences of coeval evaporite deposits are widespread 
in north-western Europe occurring 40° north and south (Ziegler et al. 2003), for 
example in the Caucasus, Crimea, Poland, Germany and the Russian Platform (e.g., 
Hallam 1984, Hallam et al. 1991). However, rather than reflecting increased aridity, 
Ziegler et al. (2003) suggests widespread occurrence of evaporites in the Late Jurassic 
indicates a general transgression and opening of oceans resulting in expanded 
depositional sites on continental shelves. Moreover, evaporite use as an expression of 
palaeoclimate is predominately confined to sedimentary sequences that are non-marine 
or marginal marine only (Ziegler et al. 2003).  
Other palaeoclimate proxies are required for fully marine settings. For example, 
palygorskite, a clay mineral indicative of arid/semi-arid climates (Colson et al. 1998, 
Thiery 2000), occurs sporadically in the mid-late Tithonian on the Russian Platform and 
in Dorset, and probably corresponds to the arid phase of north-western Europe during 
the Late Jurassic (Ruffell et al. 2002, Riboulleau et al. 2003, Schnyder 2003, Hesselbo 
et al. 2009). 
Clay minerals occur commonly in a wide range of facies, and thereby may provide 
indication of palaeoclimatic change in settings otherwise unsuitable, including offshore 
marine. Kaolinite typically forms under hot and humid weathering conditions and in 
modern oceans, expresses a strong climatic dependence monitored by chemical 
weathering intensity (Chamley 1989, Thiery 2000). 
The first significant depletion of kaolinite is commonly taken as marking the onset of 
aridity in the Late Jurassic (Hallam 1993, Hesselbo et al. 2009). For the Kimmeridgian‒
Tithonian, it has been argued that aridification advanced northward over time (Hallam 
1993, Wignall and Pickering 1993). The precise timing of the climate change in 
northern latitudes of north-western Europe is therefore difficult to interpret. The Dorset 
record apparently reaches a peak in aridity in the mid-Hudlestoni Zone which Wignall  
  93 
 
Figure 6.1. Palaeogeography of the latest Jurassic of north-western Europe with locations of sections 
studied based on maps of R. Blakey (http://deeptimemaps.com) and Dercourt et al. (2000). AM= 
Amorican Massif; SM= Scottish Massif; WH: Welsh High; CM: Cornubia Massif. The lower-right insert 
shows the global position of north-western Europe during the latest Jurassic. 
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and Ruffell (1990) identify as the ‘aridification event’. Although, in the Russian record 
from the Volga Basin it appears earlier, at the base of the Pseudoscythica Zone 
(equivalent to the Sub-boreal base Hudlestoni Zone) (Ruffell et al. 2002, see Hesselbo 
et al. 2009, Fig. 8). However, the equivalent Pseudoscytnica Zone is heavily condensed 
on the Russian Platform and consequently it has not so far been possible to determine 
when the shift in clay mineralogical assemblage towards one indicative of an arid 
environment took place. Hesselbo et al. (2009) indicate that the Hudlestoni Zone is 
representative of a culmination of a trend towards aridity, rather than being a stepwise 
shift in long-term palaeoclimatic change.  
The arid phase from the early Tithonian onwards ends in the Ryazanian Kochi Zone, 
indicating the return of wetter conditions (Hallam et al. 1991). The proportions of 
kaolinite increase sharply in the Berriasian, as documented in both the Boreal realm 
(Schnyder et al. 2005) and the northern margin of the Tethys (SE France) (Deconinck 
1993).  
Clay mineralogical records of the Late Jurassic from the northern Tethys (Deconinck 
1993) to the Russian Platform (Ruffell et al. 2002), have inter-provincial recognition, 
however, the area affected by the Late Jurassic climatic shift is not fully identified. It is 
suggested to have spread as far north as ~35°N in the UK sector of the Norwegian-
Greenland Seaway based on Hadley circulation and precipitation modelling (Armstrong 
et al. 2016). However, the shift seems not to be present in East Greenland at ~50°N 
(Lindgreen and Surlyk 2000). Instead, kaolinite abundance persists during the Late 
Jurassic—Early Cretaceous interval and is attributed to differential sorting due to a long 
distance from the source area; smectite is transported further from the shore than 
kaolinite and illite which settle in more nearshore settings (Champley, 1989). Also, 
reworking of older sediments may have complicated the clay mineral record.  
Lindgreen and Surlyk (2000) suggest a similar interpretation for the Late Jurassic 
climatic changes observed in England and France by Hallam et al. (1991). Other causal 
inferences for the climatic changes include continental rotations and as a response to 
Cimmeride mountain building (Hallam et al. 1984, 1993, Rees et al. 2000, Ziegler et al. 
2003). However, these hypotheses are dismissed by Hesselbo et al. (2009) owing to the 
rapidity, reversibility and regional synchronicity of clay mineralogical records ruling 
out large scale tectonic causes. Instead, it has been proposed that a major control on the 
Late Jurassic climate was the arrival of cooler waters from higher latitudes as the 
Norwegian-Greenland Seaway expanded (into the proto-Atlantic) (Abbink et al. 2001).  
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Clay mineralogical methods comparable to those of other authors on north-western 
European Jurassic–Cretaceous climatic change (cf. Hesselbo et al. 2009, Deconinck et 
al. 2003) are used here to detect a palaeoclimatic signal in a number of wells from the 
Norwegian Continental Shelf (Figure 1). Climate change reconstruction is often 
hampered by poor stratigraphic resolution (Abbink et al 2001), however, the sections 
studied here have been well calibrated in terms of age assignment by using 
palaeontological and chemostratigraphic methods (Turner et al. 2018).  
Marine clay minerals are in general directly inherited from the continents, and 
particularly from continental soils (Thiery 2000) and can therefore mask the 
palaeoclimatic information from the clay assemblages. The distribution of terrigenous 
clay minerals can be influenced by sea level fluctuations, the effects of diagenesis on 
clay minerals under increased burial, and localised tectonic and fluid flow events. 
Consequently, it can be difficult to establish genuine palaeoclimatically controlled 
trends in clay mineral assemblages. It is therefore imperative to first test for diagenetic 
alteration on clay mineral assemblages and account for other potential influencing 
factors such as reworking of older sediment. Of the factors that may modify a detrital 
assemblage, diagenesis is the most frequent and is relatively easy to identify by SEM-
EDS analysis 
The clay mineralogical datasets of Hesselbo et al. (2009), Schnyder (2006) and 
Deconinck et al. (1983) are extended from southern England and France, northwards 
into the Boreal realm (Figure 6.1). In doing so, we intend to address diachronicity of the 
Late Jurassic and Early Cretaceous climatic shifts in the studied sections. This study 
tests the strength of palaeoclimatic signals in moderately buried clay minerals from a 
High-Boreal to Boreal transect and disentangles palaeoclimatic signals from overprinted 
diagenetic and depositional patterns.  
 
6.2. Materials and Methods 
About 100 core samples were taken at c. 2m spacing through 113 m of section and 
analysed for their clay mineralogy. Preparation of clay samples for X-ray diffraction 
(XRD) follows Moore and Reynolds (1989) and included the removal of organics by 
H2O2 treatment, followed by separation of clay fractions by centrifugation. The resultant 
< 2 µm fraction was applied as orientated to glass slides and allowed to dry giving a 
sample with a strong preferred orientation. Scans were obtained on a PANalytical 
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X’Pert3 X-ray diffractometer using CuKα radiation operated at 40 kV and 35 Ma, after 
air drying, ethylene-glycol solvation and heating to 550°C. Clay minerals are identified 
from the location and intensity of peaks based on a 2θ scale. The operating range was 
set at 3–26 °2θ.  
Trends in clay mineral abundances are interpreted by semi-quantitative analysis. The 
relative abundance of each mineral is approximated from the ratio between the intensity 
of the 001 kaolinite (7 Å) and 001 illite (10 Å) diffraction peak areas. Peak areas are 
relative values measured in counts per second (cps) and are calculated by the following 
calculation: peak height multiplied by peak width at half-height. The ratio of the X-ray 
diffraction kaolinite 001 and illite 001 peaks indicate variation of kaolinite relative 
abundance throughout deposition of each studied section. Illite is a clay mineral resilient 
to weathering and diagenesis and is therefore convenient to use to assess the relative 
amount of kaolinite to illite. Intensity and area of all clay mineral peaks were measured 
on PANanalytical Data Viewer. The presence of smectite interlayers in illite (illite-
smectite) is indicated by a shift of the 001 reflection to a higher d spacing (>10 Å  <17 
Å) following glycol saturation. This shift facilitates measurement of illite-smectite as a 
distinct component of the clay assemblage. 
Samples analysed by XRD and showed high K: I ratio were selected for petrographic 
analysis, along with a few low K: I samples for comparison. Backscattered electron 
microscopy (BSEM) and energy-dispersive X-ray analysis was carried out on polished 
thin sections with a 1 µm thick gold-palladium coating. Analyses were performed in a 
Zeiss Evo MA10 SEM with Oxford Instruments Aztec analytical software. A more 
detailed discussion on the clay mineralogical techniques involved in this study is 
available in Chapter 3 of this thesis.  
 
6.3. Results 
6.3.1. Composition of clay mineral assemblages 
The clay mineral assemblage determined by XRD is relatively uniform within each of 
the sections studied, except for well 16/3-4. The clay mineral assemblages of all other 
studied wells are dominated by kaolinite and illite. In well 16/3-4 kaolinite is either 
absent or only a minor clay mineralogical constituent. Interstratified illite-smectite (I-S) 
is abundant in 16/3-4, 16/1-14, and 33/12-10, but is less frequent and less abundant in 
wells 6406/12-2 and 7120/2-3. There is a considerable amount of chlorite in well 16/1- 
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Figure 6.2. Typical X-ray traces after air dry (AD), glycol solvation (GS) and heating (H) treatments of 
samples from the Kimmeridgian‒Tithonian wells 6406/12-2 (A-B), 7120/2-3 (D-E) and 16/1-14 (G-H). 
The clay mineralogy assemblages include illite (I), kaolinite (K), interstratified illite-smectite (I/S), 
chlorite (C) and minor amounts of quartz (q). Traces on the right (C, F, I) are of samples of comparable 
ages from the Kimmeridge Clay in Dorset, UK (Hesselbo et al. 2009). Note, the heat treatment for the 
Dorset samples took place at 450 °C, samples studied here were heated to 550 °C. Sample ages are from 
Turner et al. (2018). 




Figure 6.3. (Previous page). Typical X-ray traces after air dry (AD), glycol solvation (GS) and heating (to 
550 °C) (H) treatments of samples from the Tithonian‒Cretaceous wells 16/3-4 (A-B) and 33/12-10 (C-
D). The clay mineralogy assemblages include illite (I), kaolinite (K), interstratified illite-smectite (I/S), 
chlorite (C) and minor amounts of quartz (q). Sample ages are from Turner et al. (2018). 
 
14, and smaller quantities in well 7120/2-3 (Figure 6.2, G-H) from 2017.72 m until the 
base of the core, almost exclusively identified by its 004 peak. Trace quantities of quartz 
occur throughout each well, excluding 16/1-14 and 16/3-4 where quartz occurs as larger 
components of the assemblage. Typical diffractograms are shown in Figures 2-3 and 
compared in Figure 6.2 to typical traces (of comparable ages) from Dorset. 
 
6.3.2. Relative abundance of kaolinite  
The kaolinite/illite ratio was used to assess palaeoclimatic significance in the studied 
sections.  Kaolinite diagenetic alteration occurs at higher temperatures experienced in 
any of the studied wells. Kaolinite is a proxy for aridity. As long as diagenesis has not 
advanced to the stage of illitization of kaolinite, or a significant amount of authigenic 
kaolinite is formed kaolinite, it is the most suitable clay mineral for palaeoclimatic 
studies. In the Kimmeridgian‒Tithonian wells of 6406/12-2 and 16/1-14, the relative 
amount of kaolinite remains moderately low, whereas in 7120/2-3, K: I values appear to 
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decrease with depth (Figures 4 and 9). The Tithonian‒Cretaceous wells 16/3-4 and 
33/12-10 show depletion of kaolinite in 16/3-4 beginning in the Preplicomphalus Zone, 
and an abrupt loss of kaolinite at 2959.45 m in 33/12-10, also in the Preplicomphalus 
Zone. Thereafter, K: I values steadily increase (Figure 6.10). 
There are several abnormally high kaolinite peaks in wells 7120/2-3 at 2011.45, 16/1-14 
at 2385.7 and 2374.95 m and in 6406/12-2 at 3743 m. These outliers may represent 
addition of authigenic kaolinite to detrital kaolinite, which unless identified, an over 
approximation in kaolinite abundance would present an inaccurate palaeoclimatic 
interpretation. This has been carried out here by BSEM analysis, discussed in section 
4.2.1. 
 
6.4. Clay diagenesis 
6.4.1. Illitization 
Smectite is highly sensitive to diagenetic alteration (Segonzac 1970; Chamley 1989, p 
336). With increasing depth and temperature (>80 °C based on common geothermal 
gradients), smectite is progressively replaced with illite and I-S mixed layers, providing 
there is a supply of potassium for the illite formation (Hancock and Taylor, 1978; 
Chamley 1989, p 339; Bjørlykke, 1998; Ehrenberg, 1990). All studied sections 
(excluding well 33/12-10) have bottom hole temperatures that exceed 80 °C suggesting 
incipient illitization is possible, particularly in well 33/12-10 where the K: I ratio 
increases downwards throughout the well (Figure 6.4).  
On average, significant illitization of smectite commences at burial depths of ~2000 m 
(Hower et al. 1976, Chamley 1989, p. 359-364), however, it is burial temperature 
history and K supply that are critical to triggering illitization. While estimates of the 
organic maturity parameter (Tmax) indicate an organic maturation level below the oil 
window for all sections. 
The K: I ratio throughout well 16/1-14 does not suggest incipient illitization (Figure 
6.4), particularly as smectite remains common throughout the well. Chlorite can form as 
a direct by-product of illitization, however, the cores have not been buried deep enough 
for authigenic chlorite formation (Primmer and Shaw 1985, Chamley 1989 p. 362). 
Although there are weak intermittent chlorite reflections throughout well 16/3-4, and at 
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the base of 7120/2-3, illitization is not apparent. Neither do they occur in wells 33/12-10 
and 6406/12-2. 
Wells Depth (m) Tmax values 
 




2373–2410 404–429 °C Immature 99 °C 
7120/2-3 
 
2002–2020.5 427–439 °C Immature (excl. 




2944–2970 418–427 °C Immature N/D 
16/3-4 
 
1915–1940 403–419 °C Immature 87 °C 
Table 6.1. Well depths, bottom hole temperatures (°C) and Rock Eval parameters of the sections studied. 
N/D = no data. 
 
6.4.2. Kaolinite transformation and authigenesis 
The typical particle size of diagenetic kaolinite that replaces feldspar is 5‒10 μm, and 
far larger when it replaces mica (often as pseudomorphs the size of the original mica 
flake). As samples are processed to a <2 μm fraction size, diagenetic kaolinite is only 
likely to be present in small quantities. This is indicated in XRD traces where kaolinite 
has not completely collapsed after exposure to high temperature (550 °C) -throughout 
well 6406/12-2, in the uppermost ~12 m of well 33/12-20, between 2944.75 m and 
2956.7 m, and in well 7120/2-3 at 2011.45 m, which coincides with a particularly high 
K: I ratio (Figure 6.9). 
 
6.4.2.1. Backscattered SEM and EDS  
The authigenic kaolinite contribution to the clay mineral assemblages was investigated 
by BSEM. Authigenic clay features include void-filling authigenic clay minerals and 
major changes in morphology; from aggregates of thick kaolin booklets and 
indeterminable mixed clay mineral assemblages, to individual idiomorphic crystals. 
Well 16/3-4 at 1915.18 m is predominantly composed of coccoliths and a mixed clay 
mineral matrix (Figure 6.5). Diagenetic alteration is absent at 1925.95 m (Figure 6.5), 
and as little to no kaolinite is indicated between these depths, no diagenetic alteration to 
the clay mineral assemblage is inferred for this sequence.  
Conversely, in well 6406/12-2 at a depth of 3732 m, discrete authigenic kaolinite 
crystals composed of alternating bands of kaolinite and the partially replaced mica 
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Figure 6.4. The K: I ratio of the sections studied with 
depth (km). 
 
are present (Figure 5). Authigenic kaolinite 
also occurs, but in smaller quantities, at 3743 
m and 3755 m in well 6406/12-2. Larger 
quantities of authigenic kaolinite, c. 5-8 % of 
the rock assemblage, are apparent in well 
7120/2-3 at 2006.43 m depth (low K: I 
value) and 2011.45 m depth, yet, it is far less 
abundant at 2004.2 m. At this level, micas 
are unaltered but authigenic kaolinite infills 
many haversian canals of highly condensed 
bone deposits (Figure 6.6 C-D). Authigenic 
kaolinite preferentially infills pore spaces, 
particularly those of bioclasts (Pye et al. 
1986, Macquaker and Gawthorpe 1993), and 
at 2004.2 m, precipitates from pore fluids 
within the canals. Haversian canals have 
natural porosity and coincidently enable high 
pore fluid movement and precipitation. 
Secondary infilling of pore spaces is also 
apparent in wells 6406/12-2, at 3732 m, 
whereas in 16/3-4 pore spaces are not infilled. Authigenic kaolinite is mostly absent 
from 2951.7 m in well 33/12-10, occurring rarely as either discrete crystals or as 
homogenous masses within the mixed clay assemblage (<1 %). At 2965.47 m, 
authigenic blocky crystals are common (Figure 6.7). 
Large peaks in K: I ratios in well 16/1-14 at 2378.95 m and 2385.7 m concur with an 
addition of approximately 15% and 10% authigenic kaolinite, respectively. However, 
there is a fairly homogenous mixed clay mineral assemblage composed of c. 1-2% 
authigenic kaolinite at 2393.76 m (Figure 6.8), corresponding to a return in baseline K: I 
values (Figure 6.9). The K: I ratios have been excluded from sample horizons where 
unusually abundant authigenic kaolinite is observed; although the processed fraction 
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size is far smaller than the typical authigenic kaolinite crystal size, broken fragments of 




Figure 6.5. Backscattered SEM-EDS images of polished thin sections from well 6406/12-2 at 3732 m (1-
2) and well 16/3-4 at 1915.18 m (3-7), with corresponding EDS spectra. Major peaks are labelled. Minor 
Au peaks indicate the gold-palladium coating. Authigenic kaolinite (AK) appears as dark shaded bands 
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within original feldspar/mica crystal (1-2, 1a, 2b), or as infill in pore spaces such as that from bioclasts (2, 
2c). The authigenic infill in 2 is surrounded by a quartz (Q) layer. Pyrite (P) framboids are sporadic 
throughout 3732 m of well 6404/12-2, and very common throughout 1915.18 m of well 16/3-4 within a 
coccolith and amorphous detrital mixed clay assemblage. A seemingly monospecific coccolith 
assemblage dominate this horizon. Scale bar represents 50 μm for 1-4 and 5 μm for 5-7. 
 
 
Figure 6.6. Backscattered SEM-EDS images of well 7120/2-3 at 2001.45 m and 2004.2 m (C-D). A 
quartz band occurs in 2011.45 m (A), elsewhere pyrite framboids (appear brightest white) and organic 
matter occur in abundance (A-B). Authigenic kaolinite (AK) is infrequent and identified as striped 
euhedral crystals (to the right of image B). Faint lamination is locally evident. At 2004.2 m (C-D), 
authigenic kaolinite infills haversian canals (C, Cb) within bone (apatite) (Ca, Da). Secondary 
precipitation of apatite (Ap) by diagentic mobilisation of phosphate is evident where larger euhedral 
crystal faces (Ca) boarder the authigenic kaolinite infills (Cb), separated by a ghost outline. Scale bars 
represent 100 μm. 
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Figure 6.7. Backscattered SEM-EDS images of mica transforming into authigenic kaolinite (AK) in 
2951.7 m (well 33/12/10), and at a later stage of transformation in 2965.47 m (well 33/12-10). 
Transforming mica crystals appear banded; authigenic kaolinite bands are dark under BSEM (1a), and the 
original mica bands are distinctly lighter (1b, 2a). The EDS spectra for kaolinite characteristically shows 
O, Al and Si peaks with similar heights (1a), whereas the EDS spectra for original mica has iron and a Si 
peak far larger than Al or O (1b, 2a).  Scale bar is equal to 25 μm. 
 
Figure 6.8. Backscattered SEM and crossed-polarised optical microscope images of well 16/1-14. A; 
small authigenic kaolinite banding in a feldspar grain in 2378.95 m appears as dark bands (arrow); B, a 
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siliclastic assemblage with mixed clay minerals in 2393.76 m; C, K-feldspar; D; plagioclase feldspar. 
Feldspars are relatively fresh although some leaching is apparent in D, suggesting degradation and 
transformation to clay (appears orange-brown in XPL).  Scale bars are equal to 1 mm. 
 
6.4.3. Clay mineralogical diagenesis in the KCF type section 
Owing to low burial temperatures and depths (<1500 m) and organic matter immaturity 
(Tmax mainly below 435-440°C), diagenetic alteration is considered minimal in the 
KCF type section in Dorset (Macquaker and Gawthorpe 1993, Hesselbo et al. 2009). 
Although Hesselbo et al. (2009) observe no evolution of clay mineral assemblages 
throughout the section that would be indicative of burial diagenesis. After SEM and 
thin-section analysis, Macquaker and Gawthorpe (1993) concluded that the KCF section 
is predominately composed of detrital clay minerals. This is corroborated by BSEM and 
EDS analysis on the anomalously high K: I ratio points in the Dorset section by 
Hesselbo et al. (2009); samples with authigenic kaolinite growth are only located at the 
highest and deepest levels of the Dorset section. 
 
 
6.5. Late Jurassic‒Early Cretaceous climate change in the Norwegian-Greenland 
Seaway 
6.5.1. Late Jurassic 
 Due to the contribution of authigenic kaolinite to the clay mineral assemblage of 
7120/2-3 at 2004.2 m, 2011.45 m and 2006.45 m, the palaeoclimatic signal in this well 
is subjected to diagenetic overprinting. However, the K: I ratio throughout well 7120/2-
3 and that of the Dorset section is strikingly similar (Figure 6.11). It is highly unlikely 
that both sections had a common detrital source, or were exposed to the same diagenetic 
overprint, given the great distance between each depositional setting; the Dorset section 
was deposited at c. 30 °N and well 7120/2-3 at c. 72 °N (Figure 1). Therefore, 
congruency of the K: I curves of these sections suggests a common control to clay 
mineral deposition. It is likely that diagenesis has not entirely obscured the 
palaeoclimate signal in well 7120/2-3, preserving a broad trend indicative of increasing 
aridification. The relative amount of kaolinite greatly decreases between 152.1 Ma and 
150.4 Ma, as does the Dorset K: I curve for this interval. This is further supported by 
the combined use of clay mineralogical and C-isotope records as a proxy linking low 
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δ13C trends with arid and cooler phases and high δ13C trends with humid and warmer 
phases (Weissert 1989, Ruffell et al. 2002). A negative C-isotope shift in well 7120/2-3 
(Figure 6.11) coincides with declining K: I values and is consistent with increasing 
aridity, despite the presence of authigenic kaolinite. Although the K: I curve of well 
16/1-14 is comparably stable in the Eudoxus‒Autissiodorensis zones, a palaeoclimatic 
signal is not considered for this well given the overwhelming contribution of authigenic 
kaolinite in the upper part of the section.  
Following a steady increase in K: I values from the Mutabilis Zone, is a fairly rapid and 
stable decline in K: I values in the Dorset section between the mid-Autissiodorensis and 
mid-Hudlestoni zones (Figure 6.11). This represents the Late Jurassic shift from semi-
humid to semi-arid conditions (Hesselbo et al. 2009), which Hallam (1991, 1993) and 
Wignal and Pickering (1993) suggest took place diachronously, appearing later in more 
northerly locations. However, the timing of the shift in north-western Europe is difficult 
to constrain. The shift cannot be identified in the studied sections from the Norwegian 
Continental Shelf as neither wells intercept the late Hudlestoni–Pectinatus zones, and 
neither does the Boulonnais section in France (Deconinck et al. 1983) or in the Volga 
Basin Russia (Ruffell et al. 2002). 
A steady rise in relative kaolinite abundance from the Mutabilis to Autissiodorensis 
zones is well recorded coevally in France (Deconinck et al. 1983), Dorset ( Wignall and 
Ruffell 1990, Hesselbo et al. 2009), and in the Gorodische section (Subditus‒Panderi 
Boreal zones) of Russia (Ruffell et al. 2002). However, in the Volga Basin, the 
Pseudoscythica Zone (Boreal equivalent to the Sub-Boreal late Hudlestoni and 
Pectinatus zones) is highly condensed, and therefore it is unknown if the shift takes 
place at this interval in Russia. Likewise, in the Boulonnais of north France, the 
Hudlestoni Zone and majority of the overlying Pectinatus Zone is missing (Deconinck 
et al. 1983). However, although the boundaries of the overlying Pallasioides and 
Rotunda zones are unconformable, the K: I values are far greater than in the 
Wheatleyensis Zone (Figure 6.9), indicating that the shift was probably coeval with 
Dorset. 
The mid-Hudlestoni shift into a semi-humid phase was relatively short, and arid 
conditions returned in the late Rotunda Zone, as indicated in Dorset, France and Russia 
(Deconinck et al. 1983, Ruffell et al. 2002, Hesselbo et al. 2009). This climatic reversal 
is possibly indicated by increasing kaolinite depletion in the lower part of well 6406/12-
2 culminating at 3744 m. The general trend of the K: I curve indicates a minor shift in 
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Figure 6.9. Kaolinite: illite (K: I) ratios throughout Kimmeridgian‒Tithonian wells 6406/12-2, 7120/2-3 
and 16/1-14, compared to the K:I records of Dorset, UK (Hesselbo et al. 2009) and Boulonnais, France 
(Deconinck et al. 1983), and the kaolinite abundance (%) record of the Volga Basin, Russia (Ruffell et al. 
2002). 
 
the Rotunda Zone and increasing kaolinite abundance through the Rotunda to Fittoni 
zones (Figure 6.9). However, the possibility of this trend as a palaeoclimatic indicatior 
is tentative given the contribution of authigenic kaolinite (at 3732, 3743 and 3755 m), 
and the possibility of its presence at other levels in the well. Nevertheless, authigenic 
kaolinite growth is negligible within kaolinite depleted intervals. Therefore, the 
congruency of the K: I curve for the Pallasioides Zone in Dorset and well 6404/12-2, is 
consistent with the Dorset palaeoclimatic signal for this interval. 
 
5.2 Early Cretaceous 
A return to humid conditions in the Early Cretaceous is represented in well 16/3-4 by 
the reappearance of kaolinite in the late Berriasian. Kaolinite is not present in the clay 
mineral assemblage of well 16/3-4 across the Jurassic-Cretaceous boundary, and 
remains absent until 1918.34 m (Figure 6.10). Small quantities of kaolinite continue 
through the early-late Berriasian until a dramatic increase in the latest Stenomphalus 
Zone from 1916.24 m. Diagenesis is not apparent at this level (1915.19 m), but the 
assemblage is dominated by a seemingly mono-specific coccolith assemblage (Figure 
6.5) suggesting a coccolith bloom at this time. It is unlikely that a single factor can 
explain all coccolith blooms. However, it is generally implied that their occurrences are 
associated with increased availability of nutrients, organic carbon burial and adsorption 
of atmospheric CO2 in the oceans (Young 1994, Erba 2004, Erba and Tremolada 2004). 
The associated rise in relative kaolinite abundance and apparent humidity in well 16/3-
4, is coincidental with a carbon isotope positive shift that commenced at the base of the 
Stenomphalus Zone (Figure 6.11). There is a steady rise in C-isotope values throughout 
deposition of well 16/3-4, however, a short negative excursion in the Kochi Zone 
punctuates this trend and is followed by a larger increase in δ13Corg values. The 
concomitant rise in both δ13Corg values and kaolinite relative abundance lends further 
support of a shift to humid conditions in the late Berriasian, as warmer temperatures and 
enhanced precipitation rates increased chemical weathering rates. Likewise, in well 
33/12-10 and 16/3-4 a cumulative trends begins at the base of the Runctoni Zone  
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Figure 6.10. Kaolinite: illite ratios throughout Tithonian‒Cretaceous wells 16/3-4 and 33/12-10, 
compared to the clay mineral abundance record of Dorset, UK (Schnyder et al. 2006 and the kaolinite 
abundance (%) record of the Volga Basin, Russia (Ruffell et al. 2002). Numerical data for the SE France 
section (Deconinck 1993) has been unobtainable. 
 
towards higher values (from 1924.11 m and 2954.56 m in wells 16/3-4 and 33/12-10, 
respectively). These levels both follow a shift in clay mineralogy assemblages towards 
increased relative kaolinite abundance. However, a high contribution from authigenic 
kaolinite has been shown in 33/12-10 that likely overprints the palaeoclimate signal of 
this well. Disregarding horizons with high K: I peaks (due to authigenic kaolinite), 
shows a general increase in the amount of kaolinite over illite is shown, however, this 
trend is tenuous given the contribution of authigenic kaolinite in this well. Instead, a 
steady decrease in amount of the pollen genus Classopollis, from 2962 m (Figure 6.11), 
alongside a negative shift in δ13Corg values, indicate arid conditions; Classopollis 
originate from xeric conifers (Abbink et al. 2001).  
In the Vocontian Trough, SE France of the Tethyan realm, kaolinite disappears from the 
clay mineral assemblage in the Grandis Subzone (equivalent to the late 
Preplicomphalus‒early Runctoni Sub-boreal zones) through to the base of the Subalpina  
Subzone (equivalent to the mid-Runctoni Sub-boreal Zone) and is interpreted to reflect 
arid climatic conditions in a section not affected by burial diagenesis (Deconinck 1993). 
Depletion of kaolinite in SE France is coincident with the rapid depletion of kaolinite at 
the J/K boundary in well 16/3-4. Kaolinite is absent in the Dorset record until the latest 
mid-Berriasian (Schnyder 2006), reappearing in abundance alongside the concomitant 
reduction in interstratified illite/smectite. Kaolinite also reappears at this time in SE 
France (Deconinck 1993). Although there are trace amounts of kaolinite in the mid-
Berriasian of well 16/3-4, it does not become an obvious component of the clay mineral 
assemblage until much later in the Berriasian than in Dorset or SE France (Figure 6.11). 
In the Russian Volga Basin, kaolinite has been documented as reappearing in the 
Anguiformis Zone of the early Tithonian (see Fig. 6 of Ruffel et al. 2002), however, the 
source of these data is unknown (the figure reference in Ruffell et al. 2002 indicates 
Gröcke et al. 2003 as the source, but this work lacks clay mineralogical data). 
Nevertheless, the end of the arid phase and relatively abrupt shift to humid conditions in 
the Dorset section, is, seemingly diachronous, because the reappearance of kaolinite in 
well 16/3-4 occurs much later in the Berriasian than when is reappears in Dorset.  
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Figure 6.11. C-isotope records and kaolinite: illite ratios throughout all studied sections, excluding 16/1-
14, presented in the age domain, and implied relative climate change (Wignall and Ruffell 1990, Hallam 
et al. 1991, Hesselbo et al. 2009). Sections have been scaled to the GTS2016 (Turner et al. 2018). Dashed 
lines indicate those sections where authigenic kaolinite is identified, whereas there is a solid line for well 
16/3-4 which has no authigenic kaolinite contribution. Well 16/1-14 is not figured due to an 
overwhelming abundance of authigenic kaolinite in the upper part of the section, and an insignificant 
trend in the K:I record in the lower part of the well. The percentage (relative) of Classopollis within the 
spore and pollen assemblage of well 33/12-10 is plotted over the C-isotope record. 
 
6.6. Provenance 
In modern oceans, kaolinite is most abundant in the tropics where appropriate 
conditions for kaolinite formation are best met (Chamley 1989, Thiry 2000). Kaolinite 
is therefore mostly inherited from the continents in humid climates that induce intense 
chemical weathering (Thiry 2000). The Dorset section was deposited in the Wessex 
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Basin c. 30-32 °N in the Late Jurassic‒Early Cretaceous (Ziegler 1990, Newell 2000), 
and, based on modern analogues, would have likely been located within a 
palaeoclimatic belt (Chamley 1989). The Norwegian-Greenland Seaway, however, was 
located at far higher latitudes, suggesting a drier climate with insufficient humidity to 
generate abundant kaolinite (Gibbs 1977, Dera et al. 2009). It is more likely that detrital 
kaolinite apparent in the studied sections are from reworked kaolinite-bearing strata/ 
weathered felsitic material.  
During the Late Jurassic and Early Cretaceous, the Norwegian-Greenland Seaway was 
flanked by the Fennoscandian Shield and the Laurentian Shied, to the east and west, 
respectively (Figure 1). The western stretch of the Fennoscandian Shield is composed of 
the Scandinavian caledonites in the central and northern part of Norway, and the 
western gneiss province to the south (Slagstad 2011, Corfu et al. 2014). Caledonides are 
a product of the Caledonian orogeny -the collision of Laurentia, Avalonia and Baltica 
(McKerrow et al. 2000). The Scandinavian Caledonides formed as part of the 
Caledonian–Appalachian orogenic belt, as did the bedrock of eastern Greenland -the 
East Greenland Caledonides (Slagstad 2011). These basement rocks, composed largely 
of allochthonous metasediments, felsitic granites, gneisses and sedimentary rocks, are 
considered as potential detrital clay mineral sources. Decomposition of gneiss exposes 
feldspars and micas to chemical weathering, resulting in clay mineral formation.  
In addition, the concentrated north-south marine circulation on the eastern side of the 
Norwegian-Greenland Seaway (Abbink et al. 2001) would have acted to transport 
detrital clays southwards to numerous sedimentary basins. Kaolinite from wells 16/1-14 
and 16/3-4 was most likely sourced from the Utsira High. During sedimentary 
deposition of well 16/1-14, the Utsira High was sub-aerially exposed (Sørlie et al. 2014, 
Riber et al. 2015). The well is located adjacent to the Utsira High and would have 
therefore directly received a large amount of continental runoff from the high. The large 
component of siliclastic sediments in well 16/1-14 are thus representative of the Utsira 
High relief (Figure 1). Likewise, the Utsira High is likely the main source of kaolinite in 
well 16/3-4 as subsidence of the Utsira High continued into the Berriasian (Sørlie et al. 
2014, Riber et al. 2015). 
The London-Brabant Massif is presumed to have been an important sediment source for 
the Dorset section’s clay minerals, given its low relief and exposure throughout the Late 
Jurassic (Hallam and Sellwood 1976, Hesselbo et al. 2009). However, it has been 
suggested that the London-Brabant Massif and the nearby Welsh Massif were both too 
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small to supply sufficient sediment to the Wessex Basin (Millson 1987, Wignall and 
Ruffell, 1990, Taylor et al. 2001). Additionally, Hesselbo et al. (2009) argue that the 
general absence of smectite-rich intervals in the Dorset section indicates that the 
London-Brabant Massif is unlikely to have been a major detrital clay mineral source for 
the Wessex Basin. Smectite may also be entirely volcanic in origin, as deposits of ash or 
lava (Jeans 2000). It is unlikely smectitic occurrences in the studied sections here are 
volcanic, given that bentonites and glass shards which are purely smectitic are not 
observed.  
The arrival of detrital clay derived from the continent may occur significantly after soil 
formation. Consequently, the climate may have considerably changed before deposition 
of clay assemblages in marine settings (Chamley 1989, Thiry 2000). However, this lag 
is difficult to interpret, particularly as marine clay assemblages have slow formation 
rates (Thiry 2000), and kaolinite and smectite have differential settling rates. Kaolinite 
is generally coarser than illite, which is coarser than smectite, resulting in kaolinite 
being concentrated in shallow water, and smectite offshore. This may however be 
overprinted by the effects of clay flocculation when riverine water mixes with seawater. 
Changes to clay mineral fractions throughout deposition can therefore reflect sea-level 
fluctuations whereby incipient abundance of smectite over kaolinite may suggest a 
transgression (Thiry 2000). However, sediments from the wells 16/3-4, 16/1-14 and 
33/12-10, were deposited in epicontinental seas surrounded by many archipelagos. 
Therefore, kaolinite deposition was proximal to the continental source and is unlikely to 
reflect sea-level changes. Nevertheless, only broad provenance interpretations can be 
made using clay mineral assemblages. Future provenance study may be carried out by 
dating of detritial material. 
 
6.7. Conclusions 
Authigenic kaolinite is found to contribute to the detrital clay mineral assemblages of 
wells 7120/2-3, 6406/12-2 and 33/12-10, particularly within levels that have high K:I 
peaks. The preservation of palaeoclimate signals in these sections is suggested by 
correlation to a coeval section in Dorset, UK which has a detrital clay mineral 
assemblage throughout. Palaeoclimate signals have been completely overridden by 
diagenetic alteration to the clay mineral assemblage in well 16/1-14. However, 
congruency of the K: I curves of wells 7120/2-3 and 6406/12-2 with that of Dorset, 
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indicates coeval progressive depletion of kaolinite through the Early Tithonian, and 
consequently, regional climatic drying. The concomitant decline in C-isotope values 
lends further support for increasing aridification in the Late Jurassic, reaching as far 
north as c. 72 °N.  
The first humid phase in the Early Cretaceous is constrained here to have occurred later 
in the Berriasian in the North Sea than in Dorset, UK. At palaeolatitudes of ~30 °N, 
kaolinite reappeared in the clay mineralogical record in Dorset and in SE France during 
the mid-late Berriasian (Deconinck 1993, Schnyder et al. 2006), whereas at ~10° further 
northwards in well 16/3-4 from the North Sea, kaolinite is absent until the Late 
Berriasian. Well 16/3-4 is not diagenetically altered indicating a reliable palaeoclimatic 
signal is preserved. Increasing humidity was diachronous, and increased kaolinite 
abundance likely resulted from strong runoff on the adjacent Fennoscandian Shield in 
wet, humid conditions.  
High-resolution age models for the studied sections form the Norwegian Continental 
Shelf (Turner et al. 2018) has provided an excellent opportunity to study the precise 
timing of climatic impacts in north-western Europe during the Late Jurassic-Early 
Cretaceous. Preserved climatic signals in clay mineralogical records are identified at 
intermediate settings between the Boreal and High Boreal realms, and through the 
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Chapter 7. Discussion and conclusions 
 
Throughout this thesis, the value of an integrated approach in correlation and dating the 
Kimmeridge Clay Formation (KCF) has been demonstrated. This chapter addresses 
some of the potential complications regarding the stratigraphic methods adopted, along 
with conclusions and recommendations for future research.   
 
7.1. Certainty in dating KCF sections: reliability of an integrated approach 
7.1.1. Biostratigraphic methods 
The oil industry primarily relies on biostratigraphy to date strata in wells. This is usually 
achieved by identifying and counting a constant number (typically 250) of 
palynomorphs/microfossils per sample. However, consistency can be variable. Where a 
sufficient number of index species are encountered early during examination of a 
sample, less than 250 counts are commonly employed. Therefore, interpretations of 
species’ abundance are only relative (i.e., organic matter source). Furthermore, 
biostratigraphic data is frequently sourced from (more readily available) cuttings rather 
than cores, increasing significantly the likelihood of contamination of samples from 
stratigraphically higher levels by caving. Likewise, the presence of reworked fossils 
also increases the unreliability of dates (as shown in Chapter 5, whereby at least 2 
source ages are indicated by reworked coccolith taxa). Biotic provincialism and 
diachroneity (as discussed in Chapter 4) also reduces reliability of KCF biostratigraphy, 
which consequently requires additional independent dating techniques, such as 
radiometric data, chemostratigraphy and cyclostratigraphy. To avoid concerns regarding 
caving, biostratigraphical data from core material has been utilised principally in this 
study (cutting samples in well 6406/12-2 provided broad information on the biozonation 
of this core; see Chapter 4).  
In this study, the first and last occurrences of index dinoflagellate species have been 
applied to produce an initial age model for each well, using consultancy biostratigraphic 
event reports/range charts. The first and last datum levels of an index species in a 
succession indicate an age no older or younger than its known range. However, 
biostratigraphy cannot identify significant hiatuses within the ranges of index species; 
this can cause conflict between biostratigraphic data and chemostratigraphic 
  116 
correlations as seen in well 16/1-14 (Chapter 4). In this instance, the δ13Corg record was 
favoured over biostratigraphy based on its congruency with that of Dorset, and 
demonstrates the value of additional dating methods. 
The Tojeira-1 section palynology presented in Chapter 5 is based on dinoflagellate 
occurrences, often singular, and these were present in only the lowermost part of the 
section analysed. Thus, it was possible to obtain some information from palynological 
study, but the section was too short to observe the full stratigraphical range of the 
various dinoflagellate taxa (Turner et al. 2017). Additionally, quantifiable analysis was 
not possible as the abundance was low and preservation is poor. This may partly be a 
reflection of the palynological processing method; other sieve sizes may have been 
better suited than those selected (>500 μm, 53–500 μm and 10-53 μm). An 
intermediaate fraction between 53 μm and 500 μm may have captured larger (more 
readily identifiable) dinoflagellates not shrouded in amorphous organic matter (AOM) 
in the larger fraction, and removal of AOM by hydrogen peroxide (Riding and Kyffin-
Hughes 2011) may have aided identification.  
 
7.1.2. Stratigraphic completeness    
Relative stratigraphic completeness is a critical consideration in interpreting 
interregional correlations. The reference section relied upon in this study, the Dorset 
section, was calibrated by Huang et al. (2010) using cyclostratigraphy, and assumed 
stratigraphic completeness. However, erosion surfaces are apparent in the Dorset KCF 
coastal exposures, for example just below the Wyke Siltstone (Bed Group 5) and at the 
base of the Black Head Siltstone (Bed Group 8) (Gallois and Cox 1976, Morgans-Bell 
et al. 2001), indicating the presence of some gaps in sedimentation. There is probably a 
level of uncertainty regarding the duration of some ammonite zones. This includes the 
Baylei Zone which in Dorset is extremely reduced in thickness, as evidenced by 
multiple erosional surfaces and hiatuses (Morgans-Bell et al. 2001). There is evidence 
for bottom current activity in outcrop sections of the overlying Cymodoce and Mutabilis 
zones, indicating potential erosion and non-deposition. There is also a potential hiatus at 
the base of the Wheatleyensis Zone in Dorset, indicated by an inconsistency in the 
number of obliquity-scale and long-term eccentricity cycles for the Wheatleyensis Zone 
(Weedon et al. 2004, Huang et al. 2010); it is possible that a hiatus truncates part of the 
405-kyr cycle during transition of the Scitulus-Wheatleyensis zones.  
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Additionally, as shown by Morgans-Bell et al. (2001), stratigraphical thicknesses differ 
for zones between the Swanworth Quarry 1 borehole and the coastal exposures on the 
Dorset coast between Chapman’s Pool and Brandy Bay. This is likely a consequence of 
local syn-sedimentary faulting and subsequent differential erosion, and highlights the 
effects of localised tectonics on formation thickness. Sedimentation rates combined with 
eustatic sea level fluctuations modulate the space available for sediment accumulation 
(Taylor et al. 2001), but towards basin depocenters, stratigraphic sections are generally 
more complete. For example, towards the margins of the Wessex Basin and on 
structural highs (e.g., the South Dorset High) the KCF is markedly condensed, or 
because of late Cimmerian erosion, is missing altogether. Whereas, in the Central 
Channel Sub-basin, the KCF reaches thicknesses in excess of 500 m (Whittaker 1985, 
Taylor et al. 2001). 
A high sampling resolution has been used (25 cm intervals) for all studied sections, 
excluding well 6406/12-2 which was sampled every metre on account of NPD 
regulations. A high sampling frequency is essential to identify erosional surfaces and to 
avoid loss of some geochemical signals. For cyclostratigraphy, a high sampling 
resolution of c. 9 samples per precession cycle avoids aliasing the results (Weedon 
2003).  
 
7.1.3. Sedimentation rates 
As age models have been generated for each studied section (Figure 4.6, Chapter 4) it is 
possible to plot and to interpret relative sedimentation rates. Hiatuses and condensation 
not otherwise apparent in lithological or physical properties logs, are often discernible 
as changes in sedimentation rates (Ager 1973). Depth vs. age plots (or ‘burial curves’) 
allow estimations of sedimentation. The curve for the Kimmeridgian‒Tithonian of 
Dorset shows a fairly constant rate of sedimentation (Figure 7.2). Few very minor 
variations are observed throughout, most notably at 154.7 Ma which corresponds to the 
highly condensed Baylei Zone. But largely, there is a uniform gradient in the Dorset 
section. The studied sections also have fairly linear accumulation curves, suggesting 
relative stratigraphic completeness. This is supported by the congruency of the C-
isotope records of wells 7120/2-3, 6406/12-2 and 16/1-14 with the Dorset section 
(Figure 4.6, Chapter 4). 
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Figure 7.1. Core photographs from well 7120/2-3 showing an 
unconformity at 2020.5 m (blue dotted line) compared against 
2015 m (blue dotted line) where increased sedimentation rate is 
indicated, but an unconformity is not visible. 
 
and sediments from wells 6406/12-2 ad 16/1-14 are 
likely to have been deposited as aggradational fills on 
the Halten and Gudrun Terraces, respectively. 
The base of well 7120/2-3 indicates a significant shift 
in sedimentation rate at 2015.34 m (Figure 7.2). 
Differential subsidence was extensive in the 
Hammerfest Basin of the Late Jurassic due to renewed 
crustal extension between Greenland and Norway 
(Feleide et al. 1993, Smelror et al. 1994) which led to 
regional block-faulting and reactivation of existing 
basement faults, including the basement fault north of 
well 7120/2-3 (Smelror et al. 1994). At 2020.5 m 
(approximately 5 m deeper), an unconformity is 
suggested by lithological change (Figure 7.1), and is 
clearly identified by the immediate transition to 
Callovian (Middle Jurassic) dinoflagellate assemblages 
(recorded in the consultancy report by Fugro 
Robertson for well 7120/2-3). However, an 
unconformity/hiatus in the core material at 2015.34 m 
is not apparent. This suggests the presence of either a 
minor hiatus at 2015.34 m, or increased depositional 
rate in the Hammerfest Basin, that remained steady for 
the remainder of deposition of core 5, well 7120/2-3. The latter is more likely given the 
similarity of the C-isotope records of well 7120/2-3 and Dorset.  
Another consideration in analysing sedimentation rates is the reliability of the source 
zonation ages. The ages of zonal boundaries for the Dorset and Nordvik sections and 
consequently, the age models of the studied sections were obtained from the current 
geological time scale (GTS2016). Due to margins of error in the timescale (Ogg et al. 
2016), there is considerable uncertainty as to the accuracy of these ages. As only one 
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Figure 7.2. Burial curves showing inferred sedimentation rates throughout the studied sections 
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radiometric date is available for the Late Jurassic‒Early Cretaceous interval (Selby 
2007, Ogg et al. 2016, Gradstein et al., 2012), any age estimation should be treated with 
considerable caution. 
 
7.1.4. Discrepancy between the GTS2004 and GTS2016 age models in 
cyclostratigraphy 
Chapters 4-5 discuss further age refinement of the studied wells from the Norwegian 
Continental Shelf and the Tojeira-1 section by cyclostratigraphy. As demonstrated in 
these chapters, cyclostratigraphic correlation of sections that are poorly 
biostratigraphically dated with well constrained sections, can provide indication of the 
position of zonal boundaries where eccentricity modulation is preserved, and/or provide 
age support for chemo- and biostratigraphic age models.  
This study highlights the discrepancy between the astrochronological age model of the 
Kimmeridgian‒Tithonian of the Dorset cores produced by Huang et al. (2010) and the 
recent GTS2016 dates for the Kimmeridgian Stage (Ogg et al. 2016). According to the 
age model for the Dorset core (Huang et al. 2010), the section spans an interval of 6.7 
My represented by 16-17 long-term eccentricity cycles (404 kyr). However, if the 
succession is tuned using the dates from GTS2016, the periodicity related to long-term 
eccentricity becomes shorter (Figure 4.8, Chapter 4). Although still apparent from 
wavelet analysis, there is only a minor periodicity of 370 kyr shown by Redfit analysis 
which sits way below the 80% false alarm level. Similarly, the spectral peak associated 
with short-term eccentricity is less defined in the GTS2016 age model; periodicities of 
108 kyr and 134 kyr appear as closely spaced peaks by Redfit analysis. Therefore, a 
broader filter of 93-167 kyr was applied to the dataset, centred on an average periodicity 
of 119 kyr. These periodicities compare well against each other (Figure 7.4.). However, 
inconsistency of the long-term eccentricity modulation (whereby the 404 kyr peak 
becomes 370 kyr in the GTS2016 age model) suggests the presence of errors in the 
GTS2016 for this interval. The GTS2016 numerical age model for the Kimmeridgian 
Sub-boreal ammonite zones are fitted by interpolation to magnetostratigraphic 
correlations to the Late Jurassic M-sequence, and the radio-isotopic spline fit model 
(Ogg et al. 2016). Zonation boundaries for Sub-boreal ammonite zones are relative 
rather than absolute, and therefore inconsistent correlation to polarity chrons is possible.  
  121 
 
Figure 7.3. Guissian band-pass 
filters of short-term eccentricity 






















Consequently, the cyclostratigraphic correlations of well 7120/2-3 and 16/1-14 to 
Dorset (Figure 4.9., Chapter 4), also show discrepancies in the time series analyses 
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carried out based on the original eccentricity modulation dates by Hesselbo et al. (2009) 
(GTS2004) and the GTS2016. As discussed in Chapter 4, wells 7120/2-3 and 16/1-14 
have been analysed for periodicities related to eccentricity modulation, and correlated to 
that of the Dorset section. According to the GTS2016 age model, periodicities of 
approximately 400 kyr do not match between Dorset and the two wells, whereas those 
likely related to short-term eccentricity agree reasonably well. However, calibrating 
wells 16/1-4 and 7120/2-3 directly to the cyclostratigraphic timescale for Dorset by 
Huang et al. (2010), reveals periodicities different to those according to the GTS2016  
age models. Figure 7.4 shows a 123 kyr periodicity in well 7120/2-3 and 103 kyr 
periodicity in well 16/1-14 extracted by bandpass filtering, and the amplitude variations 
are compared to those of the extracted 100-kyr component eccentricity from the TOC 
data from Dorset (Huang et al. 2010). Additionally, a 377-kyr periodicity has been 
bandpass filtered, and minima in the bandpass filter are indicated by grey bars across 
Figure 7.4, closely corresponding to the 405 kyr minima in the TOC data of the Dorset 
section (Huang et al., 2010). The 103 kyr and 377 kyr periodicities may represent the 
periodicities of short and long eccentricity (~100 kyr and at 405 kyr, respectively) and 
the 197 kyr periodicity may result from interaction between the two.  
The presence and duration of Milankovitch cycles in the KCF of Dorset is well 
established (Weedon et al. 2004, Huang et al. 2010). Calibration of the Dorset section 
using GTS2016 does not matches the solution of La2004 for orbital eccentricity over 
147.2 Ma to 153.8 Ma. However, the Dorset KCF section has yet to be calibrated in 
absolute time to La2010 (Laskar et al. 2011) which may provide regional 
cyclostratigraphic correlations in better agreement with the GTS2016. However, such 
analysis is beyond the scope of this study.  
 
 
7.2. Key results and future work 
7.2.1. The Tojeira-1 section and organic matter characterisation 
Sampling the lower shale units of the Tojeria-1 section would test for the presence of 
the long-term eccentricity cycle record elsewhere in the late Oxfordian (Boulila et al. 
2008). Its occurrence would confirm the identification of a long-term cycle likely 
related to eccentricity modulation (Chapter 5), and further analysis would uncover the 
boundary between the Planula and Bimamatum Tethyan ammonite zones. While the 
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Tojeira-1 section outcrops on the southern side of an easily accessible valley, modern 
sediment deposit obscures the lower part of the Tojeira shales unit. Coring into the apex 
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Figure 7.4. (Previous page).Redfit spectral analyses (Schulz and Mudelsee 2002), wavelet records and 
Gaussian bandpass-filtered 405-kyr and 100-kyr interpreted eccentricity signals from TOC of wells 
7120/2-3 and 16/1-14. Dashed line indicates inferred 377-kyr in 16/1-14 (b) and 123-kyr in 7120/2-3. 
Cycles are correlated to the astronomically calibrated Dorset section (Huang et al. 2010) according to 
GTS2004.  
 
of the valley would fill in the missing stratigraphic gap between the lowest 
Kimmeridgian to the south of the valley, and the upper Oxfordian to the north.   
As discussed in Chapter 4, fluctuations in C-isotope records potentially are a reflection 
of changing organic matter type between terrestrial and marine sourced material. 
Although Rock Eval parameters are commented on for the Tojeira-1 section, further 
work is required to analyse the nature of organic matter throughout the section. The 
palynological characterisation of organic material in cores from the Norwegian 
Continental Shelf permits estimation of the proximity of the shoreline (Figure 4.5, 
Chapter 4). A wealth of further techniques is available for organic matter 
characterization (e.g., as applied by Mutterlose et al. 2003).  
 
7.2.2. C-isotope stratigraphy  
The chemostratigraphic integration technique applied in this thesis has greatly improved 
dating resolution for several cores from the Norwegian Continental Shelf. Figure 7.5 
illustrates the increased precision in age by integrating C-isotope stratigraphy with 
biostratigraphy. For example, the biostratigraphic report for well 7120/2-3 indicates the 
studied section encompasses sediments equivalent to the Autissiodorensis-Cymodoce 
zones, based on limited diagnostic palynomorphs (Figure 4.5, Chapter 4). The report 
further notes an overwhelming predominance of AOM (in full) which severely limits 
recovery of index species, and several levels barren of definitive indices, including the 
uppermost 4 m of the section. The projected age based on biostratigraphy is therefore 
limited to the range of only a few index species. Integration with C-isotope stratigraphy 
dramatically improves the dating for the section to the Autissiodorensis–mid-Hudlestoni 
zones, whilst complying with biostratigraphic constraints. This example highlights how 
age assessment by C-isotope integration provides far greater resolution than that 
inferred from biostratigraphy alone (Figure 7.5.). 
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By matching long-term shifts as well as excursions in the Dorset δ13Corg profile, the 
relative ages determined from Dorset can be applied to other sections. For example, 
interpretation of the mid-Eudoxus Zone isotope shift as a response to increased organic 
carbon burial is suggested to be a global event, based on its possible occurrence also in 
the Tethyan realm (Morgans-Bell et al. 2001). The northernmost record of this event in 
the North Sea supports this intepretation (Figure 4.6, Chapter 4). Widespread 
identification of this shift, within the Hudlestoni Zone, demonstrates the high 
correlation potential of the Dorset KCF section, and of other coeval equivalents in 
north-western Europe. C-isotope stratigraphy is therefore valuable for age control. 
Additional carbon isotope data in this region, particularly across the J/K interval into the 
Early Cretaceous will improve the carbon isotope stack presented in Chapter 4, and may 
aid in the exact correlation between zones of each faunal realm zonation scheme. As C-
isotope stratigraphy is not hampered by biotic provincialism and diachroneity, 
chemostratigraphy integrated with biostratigraphy increases the precision possible by 
identifying levels within and across zones. Additionally, the regional-scale correlation 
of the studied sections from the Norwegian Continental Shelf with Dorset, reflects the 
consistency of the C-isotope signal in the seas of north-western Europe at the time of 
deposition, and a high correlation potential across significant distances. In particular, 
correlation of C-isotope signals in the Early Cretaceous attests to sufficiently open 
marine conditions in the Greenland-Norwegian Seaway to record global carbon cycle 
variations, despite a sea-level lowstand. 
 
7.2.3. Clay mineralogy 
The clay mineralogical methods applied in Chapter 6, have demonstrated climatic 
change. This is based on the abundance of the clay mineral kaolinite as a proxy for 
humid conditions (Figure 6.11, Chapter 6). In the Late Jurassic‒Early Cretaceous, the 
climate changed from humid-arid-humid conditions, and this is represented by the 
decreasing-increasing abundance of kaolinite relative to other clay minerals in an 
assemblage (Wignall and Ruffell 1990, Hallam et al. 1991, Hallam et al. 1993, Ruffell 
et al. 2002, Schnyder et al. 2006, Hesselbo et al. 2009).  
The return to humid conditions in the Early Cretaceous is broadly constrained in time 
from clay mineralogical and palaeontological records discussed in Chapter 6. However,  
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Figure 7.5. Old vs. new dating of the studied sections. Dashed lines indicate the duration of time proposed 
for each well based on biostratigraphy, and solid vertical lines show the improved ages after integration of 
bio- and chemostratigraphy. 
 
this study presents an excellent opportunity to better date when this climatic shift 
occurred in the Norwegian-Greenland Seaway, because high resolution age models have 
been constructed for those sections studied in Chapter 6 (Chapter 4). For example, at 
palaeolatitudes of ~30 °N, kaolinite returned to the clay mineralogical record in Dorset 
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during the mid-late Berriasian (Schnyder et al. 2006), whereas at ~10° further north 
kaolinite is absent until the Late Berriasian in the North Sea region. Increasing humidity 
resulted in weathering of continental areas, increased runoff, and deposition of kaolinite 
in marine sediments. This occurred earlier at lower palaeolatitudes as suggested by 
previous climate studies in this region (Wignal and Ruffell 1990). In Dorset, kaolinite 
becomes a major constituent of the clay mineralogical assemblage of the Purbeck Group 
by the early late Berriasian (Schnyder et al. 2006) (Figure 6.11, Chapter 6). In the North 
Sea, kaolinite does not become a major constituent until the very latest Berriasian.   
Interpretations of clay mineralogical trends throughout the studied sections are based on 
semi-quantitative analysis, whereby the relative abundance of kaolinite is measured by 
the ratio of kaolinite against illite. More quantitative data on the studied sections by 
fitting reference intensity ratios, would show trends in the clay mineralogical 
assemblages overall. Either method, however, can be hampered by diagenesis which 
may cloud the palaeoclimatic signal. It is therefore critical to identify diagenetic 
alteration throughout each section. Contribution of authigenic kaolinite to clay mineral 
assemblages has been considered for the studied sections (Chapter 6), however for 
future study, it would be better to select sections buried less than 2 km. Greatly 
expanding the dataset and applying the RIR method of quantitative phase analysis, 
where possible, to other sections in north-western Europe would better delineate 
diachronous shifts in Late Jurassic‒Early Cretaceous palaeoclimatic change on a 
regional scale.  
 
7.3. Wider implications of this study 
The Kimmeridge Clay type section is very well studied to biostratigraphical, 
geochemical and cyclostratigraphical analyses (e.g., Cope 1967, 1978, Riding and 
Thomas 1988, Gallois 2000, Morgans-Bell et al. 2001, Tyson 2004, Weedon et al. 2004, 
Huang et al. 2010). Age equivalent deposits to the Kimmeridge Clay are well known as 
economically important source rocks in the North Sea and on the Norwegian 
Continental Shelf (Cooper et al. 1995, Cornford et al. 2014). While independent 
analyses of these deposits are numerous, large scale correlations of the Kimmeridge 
Clay Formation are lacking. This study builds on the C-isotope stacks of Katz et al. 
(2005) and Price et al. (2016), which provide combinations of multiple C-isotope 
records of the Late Jurassic‒Early Cretaceous. However, despite there being a number 
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of published records derived from carbonate fossils occurring in clastic sediments in the 
Boreal‒High Boreal realms (e.g., Price and Rogov 2009, Nunn and Price 2010, 
Zakharov et al. 2014), the majority of the data included in these stacks are from the 
Tethyan realm.  
This study focuses on the C-isotope records of the Boreal‒High Boreal Norwegian-
Greenland Seaway, a region that is mostly represented by offshore sourced sections. 
Construction of a detailed record of the C-isotope record of the Kimmeridge Clay 
Formation has identified significant perturbations in the local carbon cycle. These 
receive less attention in C-isotope stacks, which focus on secular changes and highly 
distinct, recognisable events. Open marine or pelagic carbonate C-isotope stratigraphy is 
usually taken as reference for global carbon signals, and δ13Corg records, as presented in 
this thesis, are generally more complex in their origin and serve as useful auxiliary 
records where carbonate carbon records cannot be established (Hayes et al. 1999, 
Jenkyns et al. 2002) (Figure 4.6, Chapter 4). Despite this, key events are identified in 
the C-isotope records for each well, and have been shown to have a high correlation 
potential with organic and/or carbonate coeval records from elsewhere in north-western 
Europe.  
Furthermore, identification of signature events in the C-isotope record throughout the 
deposition of the KCF in the Norwegian-Greenland Seaway has produced a framework 
for future dating. Studies on the Late Jurassic-Early Cretaceous of the North Sea are of 
necessity based upon the economically important offshore cored wells. These have a 
number of problems, including access restrictions and because many sections are also 
typically short, which places restriction on the reliable identification of Milankovitch 
cycles, and analysis of secular changes to clay mineralogical assemblages. This study 
shows that well-dated onshore sections such as the KCF type section in Dorset, and the 
Nordvik section in Russia can be correlated into the North Sea Basin (Figure 4.6, 
Chapter 4). C-isotope ‘slices’ of these well-calibrated sections are transferred to coeval 
offshore sections, providing robust age models which are further supported by 
interregional correlation of cyclic patterns in sedimentation. As such, the integrated 
stratigraphy carried out in this thesis has wider implications for understanding the exact 
timing of palaeoclimatic, palaeoceanographic and palaeontological events in the 
Norwegian-Greenland Seaway.  
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Appendix A. Raw data: geochemical 
1. Total Organic Carbon (TOC) and δ13Corg (VPDB) 
Well: 7120/2-3 
Depth (m) TOC δ13Corg Depth (m) TOC δ13Corg 
2002.01 3.52 -27.03 2011.45 7.93 -26.87 
2002.25 0.64 -28.77 2011.63 11.6 -26.28 
2002.45 3.37 -30 2011.95 10.4 -26.59 
2002.52 3.1 -29.98 2012.15 6.89 -27.09 
2002.75 4.38 -29.619 2012.34 4.8 -26.47 
2002.95 2.86 -30.62 2012.81 5.16 -26.889 
2003.20 4.58 -28.63 2013.11 4.9 -26.84 
2003.46 5.2 -28.08 2013.40 7.31 -27.08 
2003.75 10.39 -27.175 2013.75 6.83 -27.26 
2003.95 6.61 -27.14 2013.95 7.62 -26.892 
2004.05 13.4 -26.99 2014.28 6.6 -26.92 
2004.20 9.01 -27.3 2014.45 7.22 -26.85 
2004.50 5.64 -26.83 2014.70 10.83 -27.221 
2004.70 9.69 -26.42 2014.95 9.92 -26.91 
2004.95 12.23 -26.568 2015.15 5.33 -27.23 
2005.24 10.9 -26.27 2015.34 9 -27.85 
2005.45 13.94 -26.88 2015.95 8.34 -27.12 
2005.75 6.07 -28.08 2016.22 10.9 -27.06 
2005.95 7.56 -28.417 2016.45 11.35 -27.357 
2006.25 6.7 -28.24 2016.50 11.35 -27.357 
2006.45 10.52 -28.47 2016.86 8.9 -26.92 
2006.70 4.62 -28.53 2016.95 7.91 -27.07 
2006.95 8.1 -28.53 2017.20 10.27 -26.74 
2007.20 8.48 -28.44 2017.45 5.71 -26.75 
2007.53 8.3 -27.81 2017.72 7.9 -27.61 
2007.75 4.98 -28.38 2017.95 12.46 -26.39 
2007.95 5.94 -27.9 2018.20 9.5 -26.31 
2008.20 5.35 -28.19 2018.48 15.1 -26.83 
2008.45 8.3 -28.48 2018.78 13 -25.59 
2008.85 8.4 -28.83 2018.95 9.3 -26 
2008.89 10.43 -28.766 2019.17 14.22 -26.73 
2009.20 5.26 -27.99 2019.50 7.2 -26.37 
2009.43 5.78 -27.49 2019.95 3.88 -26.65 
2009.75 3.64 -27.23 2020.25 8 -26.71 
2009.95 7.7 -26.96 2020.50 21.2 -25.97 
2010.15 5.45 -26.76    
2010.52 4.5 -26.75    
2010.70 7.29 -26.42    
2010.96 6.8 -26.47    
2011.20 5.16 -26.889    
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Well: 33/12-2 
Depth 
(m) TOC δ13Corg 
Depth 
(m) TOC δ13Corg 
Depth 
(m) TOC δ13Corg 
2944.25 5.9 -30.09 2954.95 4.91 -30.62 2965.47 4.62 -30.89 
2944.4 5.59 -30.4 2955.22 4.66 -30.69 2965.7 4.22 -30.29 
2944.75 4.59 -30.83 2955.45 3.97 -30.53 2965.95 7.06 -30.378 
2944.95 4.34 -30.61 2955.7 4.47 -30.42 2966.2 4.44 -30.54 
2945.2 4.32 -30.802 2955.95 4.83 -30.29 2966.48 3.78 -30.28 
2945.45 4.88 -30.8 2956.2 4.86 -30.35 2966.7 2.89 -31.44 
2945.7 6.49 -30.94 2956.45 4.76 -30.15 2966.95 4.96 -30.27 
2946.2 5.38 -30.1 2956.7 4.77 -30.14 2967.2 3.68 -30.13 
2946.45 4.7 -31.06 2956.95 4.56 -30.31 2967.21 4.2 -30.441 
2946.7 5.09 -30.5 2957.2 5.56 -30.15 2967.45 3.77 -30.57 
2946.95 4.81 -30.77 2957.45 5.53 -30.01 2967.7 3.77 -30.46 
2947.2 5.6 -30.62 2957.71 5.8 -29.82 2967.95 4.33 -30.44 
2947.5 6.04 -30.96 2957.95 9.49 -30.34 2968.47 4.91 -30.28 
2947.77 4.81 -30.36 2958.2 6.2 -29.92 2968.7 4.29 -30.43 
2947.97 5.78 -30.58 2958.47 6.25 -30.65 2968.93 2.33 -30.365 
2948.21 6.84 -30.389 2958.71 3.8 -30.28 2969.2 4.45 -30.07 
2948.5 4.55 -30.28 2958.95 4.13 -30.26 2969.45 4.65 -30.35 
2948.74 5.57 -30.25 2959.2 5.26 -30.27 2969.74 4.42 -30.33 
2948.95 6.34 -30.01 2959.45 4.89 -30.39 2969.95 5.7 -30.42 
2949.2 4.32 -31.09 2959.7 5.27 -30.59 2970.2 3.89 -30.36 
2949.72 4.77 -30.65 2959.88 6.14 -30.113    
2949.95 4.7 -30.58 2960.1 5.53 -30.21    
2950.22 4.47 -30.46 2960.45 4.59 -30.58    
2950.45 5.69 -30.49 2960.68 5.17 -30.81    
2950.7 5.24 -30.51 2960.9 4.81 -30.15    
2950.98 2.99 -30.54 2961.2 4.57 -30.21    
2951.2 5.28 -30.44 2961.4 6.17 -30.52    
2951.57 3.94 -30.8 2961.75 4.48 -29.88    
2951.69 4 -30.62 2961.9 4.96 -30.14    
2951.95 6.15 -30.52 2962.18 5.21 -30.07    
2952.2 4.43 -30.92 2962.45 5.1 -30.27    
2952.45 1.8 -30.92 2962.7 6.2 -30.748    
2952.7 4.54 -30.9 2962.9 4.47 -30.63    
2952.95 4.78 -31.06 2963.2 4.36 -30.77    
2953.22 3.63 -31.14 2963.45 3.43 -30.8    
2953.45 4.49 -30.64 2963.7 3.63 -30.7    
2953.77 4.98 -30.85 2964.2 5.42 -31.45    
2953.92 5.46 -30.47 2964.45 4.77 -31.35    
2954.2 4.28 -30.634 2964.73 6.66 -31.37    
2954.56 4.71 -31.2 2964.95 4.69 -30.91    
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Well: 16/3-4   
Depth (m) TOC δ13Corg Depth (m) TOC δ13Corg 
1913.35 0.27 -29.03 1924.7 4.54 -30.13 
1914.42 0.6 -26.58 1924.95 4.68 -30.09 
1914.76 0.25 -29.06 1925.2 6.09 -30.16 
1915.18 8.99 -29.41 1925.45 5.46 -30.35 
1915.45 7.85 -29.91 1925.58 4.09 -30.53 
1915.7 7.47 -28.46 1925.7 6.3 -30.26 
1915.95 6.53 -28.86 1925.95 4.87 -30.14 
1916.24 3.76 -29.88 1926.27 5.92 -30.27 
1916.45 4.62 -29.6 1926.45 7.95 -29.52 
1916.7 5.96 -29.34    
1916.95 4.79 -30.2    
1917.2 5.03 -30.38    
1917.45 5.73 -30.98    
1917.67 5.75 -30.62    
1917.95 5.49 -30.8    
1918.34 5.73 -30.15    
1918.45 6.78 -30.15    
1918.7 7.68 -30.23    
1918.95 6.16 -30.31    
1919.2 5.91 -30.61    
1919.45 6.08 -30.4    
1919.7 4.78 -29.72    
1919.95 5.63 -29.74    
1920.2 5.17 -29.97    
1920.56 5.2 -29.7    
1920.7 5.72 -30.26    
1920.95 4.91 -30.24    
1921.2 3.87 -30.33    
1921.45 1.89 -30.5    
1921.54 3.27 -29.83    
1921.95 3.16 -29.87    
1922.22 5.15 -29.97    
1922.32 6.11 -30.37    
1922.45 7.86 -29.77    
1922.75 3.78 -30.5    
1922.95 5.24 -30.25    
1923.18 5.48 -30.39    
1923.37 4.32 -30.26    
1923.68 3.34 -30.61    
1923.95 7.49 -30.35    
1924.11 3.47 -31.4    
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Well: 16/1-14 
Depth (m) TOC δ13Corg 
Depth 
(m) TOC δ13Corg 
Depth 
(m) TOC δ13Corg 
2373.53 1.1 -27.17 2383.67 1.8 -26.2 2394.74 0.9 -26.75 
2373.8 3.4 -27.08 2383.94 1.2 -26.4 2394.98 1.1 -26.35 
2373.95 3.4 -27.1 2384.25 1.8 -26.4 2395 0.7 -26.39 
2374.2 2.4 -26.8 2384.5 1.15 -26.95 2395.23 1.7 -26.62 
2374.45 3.1 -26.7 2384.81 2.4 -26.6 2395.43 0.8 -26.29 
2374.67 1.2 -27.2 2384.95 2.6 -26 2395.9 1.8 -26.8 
2374.92 2.2 -26.54 2385.18 2.1 -26 2396.1 1.1 -27.1 
2374.95 2.6 -26.6 2385.47 2 -26.96 2396.4 1.4 -26.47 
2375.2 1.8 -26.8 2385.7 1.6 -24.7 2396.71 1.67 -26.6 
2375.45 4.03 -26.746 2385.95 2.6 -26.6 2396.9 0.9 -25.6 
2375.75 2.4 -27.1 2386.12 1.5 -26.38 2397.15 2.2 -26.9 
2375.91 3.2 -26.74 2386.4 2.4 -25.8 2397.43 1.3 -26.3 
2376.2 3.7 -26.7 2386.68 2.4 -26.1 2397.75 1 -26.5 
2376.4 2 -26.2 2386.95 2.4 -26 2398.02 3.2 -26.4 
2376.71 2.61 -26.775 2387.23 2.5 -26.35 2398.2 1.1 -26.94 
2376.87 3 -27.16 2387.48 3.7 -25.7 2398.33 1.29 -27.2 
2377.23 1.1 -27.4 2387.73 3.8 -25.5 2398.64 1.9 -26.9 
2377.56 4 -27.2 2387.99 1.1 -26.7 2398.95 0.9 -26.6 
2377.76 5.19 -27.124 2388.07 2.4 -26.35 2399.5 0.8 -26.23 
2377.95 2.3 -26.77 2388.46 1.6 -25.8 2399.7 0.9 -27 
2378.18 1.35 -27.119 2388.7 1.88 -25.92 2399.95 1.1 -26.984 
2378.38 2 -27.2 2389.1 0.9 -25.5 2400.2 0.9 -27.13 
2378.59 2.3 -26.77 2389.46 1.6 -26.6 2400.34 1.34 -26.72 
2378.95 1.29 -26.62 2389.72 3.5 -25.3 2400.62 1.66 -26.83 
2379.17 1.9 -26.41 2390.18 4.1 -27 2401.18 1.35 -26.986 
2379.45 1.37 -26.17 2390.52 2 -26.37 2401.41 1.09 -25.84 
2379.7 0.93 -26.75 2390.72 4.3 -25.9 2401.72 0.47 -27.31 
2379.95 1.49 -26.51 2390.95 5.2 -27.2 2402.25 0.7 -27.17 
2380.01 1.6 -27 2391.2 0.3 -26.3 2402.35 1.1 -27.57 
2380.12 1.2 -26.8 2391.46 2.2 -26.17 2402.6 0.53 -27.4 
2380.37 1.15 -26.41 2391.76 2.8 -25.9 2402.8 0.43 -26.85 
2380.63 1.31 -26.598 2391.97 1.3 -26 2403.1 0.54 -27.42 
2380.84 1.15 -26.39 2392.05 2.2 -26.2 2403.37 0.57 -27.59 
2381.14 1.3 -26.66 2392.15 2.9 -25.9 2403.75 1.17 -27.52 
2381.45 1.1 -26.6 2392.41 5.5 -26.5 2403.96 1.02 -27.05 
2381.68 1.01 -25.35 2392.75 3.3 -25.9 2404.24 0.32 -26.66 
2382.13 1.2 -26.4 2392.95 0.6 -26.15 2404.5 0.92 -27.18 
2382.42 1.22 -26.7 2393.11 1.03 -26.51 2404.78 0.99 -27.26 
2382.71 2.4 -26.9 2393.45 0.65 -26.6 2404.94 0.96 -26.89 
2382.94 1.8 -26.9 2393.76 0.72 -26.4 2405.2 1.17 -27.07 
2383.17 1.6 -26.8 2393.94 0.8 -26.6 2405.43 2.07 -26.75 
2383.47 1 -26.6 2394.13 1 -26.97 2405.95 1.84 -26.72 
2405.66 1.52 -26.77 2394.35 1.6 -26.63 2406.18 2.54 -26.09 
2406.5 1.04 -26.93       
2406.95 1.51 -27.164       
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2407.26 1.31 -26.66       
2407.55 1.31 -26.79       
2407.76 1.86 -26.4       
2407.98 0.82 -27.14       
2408.25 0.88 -27.398       
2408.48 1.73 -27.825       
2408.75 1.06 -26.99       
2408.95 1.65 -27.52       
2409.22 1.8 -26.68       
2409.7 1.15 -27.87       
2409.8 1.56 -27.69       
2409.93 0.86 -27.43       
2410.1 1.58 -27.63       
2410.25 1.4 -27.96       
2410.75 0.34 -27.84       































depth (m) TOC δ13Corg 
1 0  1.08 -22.96 44 46.7 0.57 -23.25 
2 0.8 1.00 -23.42 45 47.7 0.48 -23.09 
3 1.6 1.06 -23.30 46 48.7 0.56 -22.87 
4 2.7 0.86 -23.04 47 49.7 0.92 -22.85 
5 3.7 1.21 -23.43 48 50.7 0.39 -23.13 
6 5.2 0.95 -23.51     
7 6.7 0.56 -23.00     
8 9.6 0.67 -22.37     
9 11.2 1.03 -23.56     
10 12.4 0.49 -23.10     
11 13.3 0.54 -23.51     
12 14.4 0.73 -23.48     
13 15.4 0.87 -22.84     
14 16.4 0.81 -23.27     
15 17.4 0.70 -22.82     
16 18.4 0.58 -24.21     
17 19.5 0.57 -24.44     
18 20.5 0.50 -23.17     
19 21.4 0.60 -23.53     
20 22.7 0.64 -24.24     
21 23.7 0.53 -24.11     
22 24.7 0.79 -23.30     
23 25.7 0.87 -22.76     
24 26.7 0.60 -23.06     
25 27.7 0.62 -23.26     
26 28.7 0.95 -23.20     
27 29.7 0.72 -22.58     
28 30.7 0.88 -22.60     
29 31.7 0.93 -22.85     
30 32.7 0.79 -23.03     
31 33.7 0.80 -22.63     
32 34.7 0.90 -23.06     
33 35.7 0.53 -23.14     
34 36.7 0.78 -22.72     
35 37.7 0.49 -22.63     
36 38.7 0.38 -23.11     
37 39.7 0.40 -23.61     
38 40.7 0.77 -23.49     
39 41.7 0.42 -23.89     
40 42.7 0.60 -23.41     
41 43.7 0.75 -22.74     
42 44.7 0.46 -23.58     
43 45.7 0.60 -23.12     
 
 
 2. Standards: IAEA Sucrose, Glutamic acid 
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Appendix B. Dinoflagellate zonation scheme 
 
This appendix provides an outline of the dinoflagellate biostratigraphic zonation scheme 
of Poulsen and Riding (2003) applied in this thesis. The correspondence of each 
dinoflagellate zone to the Sub-boreal ammonite zonation scheme is included. 
 
DSJ28-DSJ29; lower Kimmeridgian (Cymodoce‒Autissiodorensis ammonite zones) 
DSJ28-29 is a bipartite subdivision of the former Endoscrinium (Scriniodinium) 
luridum (Elu) Interval Biozone (Wollam and Riding 1983 and Riding and Thomas 
1992). The base of DSJ28 dinoflagellate zone is defined by the first occurrences (FAD) 
of Cribroperidinium longicorne, Oligosphaeridium patulum and Systematophora 
daveyi, and the last occurrences (LAD) of Nannoceratopsis pellucida, Scriniodinium 
crystallinum and Gonyaulacysta eisenackii. The top of DSJ28 is equivalent to the top of 
Elu Subzone b of Riding and Thomas (1988) and top Stephanelytron scarburghense 
Subzone of Nøhr-Hansen (1986) (mid-Mutabilis ammonite Zone). The top of DSJ29 is 
defined by the first appearance of Egmontodinium polyplacophorum and 
Systematophora daveyi. The taxa that identify the top and bottom of each biozone, and 
also appear in 16/1-14 and 7120/2-3 are as follows: for DSJ28, the FAD of C. 
longicorne, O. patulum, LAD of Nannoceratopsis pellucida LAD of Scriniodinium 
crystallinum, FAD of P. pannosum, LAD of Endocrinium galeritum, LAD of Aldorfia 
dictyota pyrum; and for DSJ29, the LAD of E. luridum.  
 
DSJ30-34; upper Kimmeridgian (Elegans to Fittoni ammonite zones) 
DSJ30 is equivalent to the Elegans ammonite Zone, DSJ31 to the Scitulus‒Hudlestoni 
zones, DSJ32 to the Pectinatus ammonite Zone, DSJ33 to the Pallasioides ammonite 
Zone, and DSJ34 to the Rotunda‒Fittoni ammonite zones. The DSJ30-32 dinoflagellate 
zones correspond directly to the former Glossodinium dimorphum (Gdi) Interval 
Biozone of Riding and Thomas (1992). The base of the Gdi Interval Biozone is defined 
as the LAD of E. luridum and the top by the LAD of Occisucysta balios. The biozone 
has been divided into 5 sub-biozones (a-e) each equivalent to the following ammonite 
zones: a, the Elegans Zone; b, Scitulus - Hudlestoni zones; c, the Pectinatus Zone; d, the 
Pallasioides Zone; and e, Rotunda - Fittoni zones. The taxa that identify the range of 
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each sub-biozone, and also appear in 16/1-14, 7120/2-3 and 16/3-4 are as follows: for 
the bases of a, the LAD of E. luridum and G. jurassica jurassica; c, the LAD of C. 
longicorne; and d, the LAD of O. patulum.  
 
DSJ35-37; upper Kimmeridgian (Albani to Anguiformis ammonite zones) 
DSJ35 is equivalent to the Albani ammonite Zone, DSJ36 to the Glaucolithus ammonite 
Zone and DSJ37 to the Okusensis‒Anguiformis ammonite zones. The DSJ35-37 
dinoflagellate zones directly correspond to the Dichadogonyaulax? pannea (Dpa) 
Interval Biozone of Riding and Thomas (1992). The base of the Dpa Interval Biozone is 
defined by the FADs of Dichadogonyaulax culmula and the LAD of O. balios, and the 
top by the LADs of Dichadogonyaulax? pannea, Senoniasphaera jurassica and 
Glossodinium dimorphum, and the FAD of Gochteodinia villosa. The biozone has been 
divided into 2 sub-biozones (a and b). The taxa that identify the base of sub-biozone (b), 
and also appear in 16/3-4 and 33/12-10 are as follows, the LAD of S. inritibile and the 
FAD of Gochteodinia villosa, and the top by the LADs of D. pannea, G. dimorphum 
and S.jurassica. 
 
DSJ38-DSK2; upper Tithonian-lower Berriasian (Oppressus to Icenii Ammonite zones) 
Formerly the Gochteodinia villosa (Gvi) Interval Biozone (Riding and Thomas 1992), 
the Oppressus to Icenii ammonite zones interval is divided into four divisions; the 
DSJ38 is equivalent to the Oppressus‒Primitivus ammonite zones, and Subzone a of the 
Gvi Interval Biozone, DSJ39 is equivalent to the Preplicomphalus‒Runctoni ammonite 
zones, DSK1 to the Kochi ammonite Zone and DSK2 to the Icenii ammonite Zone. The 
base DSJ38 is defined by the LADs of D. pannea, D. tuberosum, and G. dimorphum, 
and FAD of G. villosa. The base of DSJ39 is defined by the range top of E. 
polyplacophorum. The top of the DSK1 Bioone is identified by the LAD of R. thula. 
The taxa that are common in 33/12-10 and identify the base of DSJ39 is the LAD of 
Dingodinium tuberosum. The base of the DSK2 Biozone is defined by the last 
occurrence of R. thula and the oldest occurrence of Occisucysta sp. A. The top of DSK2 
is marked by the FAD of P. pelliferum. The taxa that are common in 33/12-10 and 
identify the base of DSK2 are the LAD of R. thula and FAD of S. arbustum. 
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Appendix C. XRD traces 
 
This appendix includes all XRD traces analysed for wells 16/1-14, 7120/2-3, 6406/12-2, 
33-12-10 and 16/3-4 from the Norwegian Continental Shelf. Traces for each well are 
separated by a cover page outlining the order in which each sample is presented in the 
following pages. Each sample is composed of an ‘air dried’ trace (AD) and a glycol 
solvated trace (G). Some samples from each core have also been heated to 550 °C, or 
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Appendix D. Presentation abstracts 
This appendix includes the abstracts for oral presentations between October 2017 and 
June 2015.  
 
1. Oral presentations 
 
1.1 Geological Society of America, Seattle (22nd-25th October 2017). 
A δ13Corg stack and clay mineralogical proxy record of climate change through the Late 
Jurassic–Early Cretaceous of north-western Europe: an integrated inter-regional 
correlation. 
Holly E. Turner, Andy S. Gale, Felix Gradstein and Sietske Batenburg 
 
The latest Jurassic–Early Cretaceous interval was characterised by a number of carbon 
cycle perturbations and a climatic shift in north-western Europe from humid to semi-
arid conditions. However, the temporal and geographic extent of these events are poorly 
understood. This is due to a scarcity of high resolution records and difficulties in 
correlation because of faunal provincialism and insufficiently constrained 
chronostratigraphy. We identify and correlate a number of isotope excursions from 
several biostratigraphically-constrained organic carbon-isotope records from the 
Norwegian Continental Shelf with the Kimmeridgian‒Tithonian (Upper Jurassic) 
Kimmeridge Clay Formation of the Dorset type area, and with late Tithonian‒Berriasian 
(Upper Jurassic‒Lower Cretaceous) records of Svalbard and Siberia. Our regional-scale 
correlation reflects the consistency of the C-isotope signal in the seas of north-western 
Europe at the time of deposition, and a high correlation potential across significant 
distances. In particular, correlation of C-isotope signals in the Early Cretaceous attests 
to sufficiently open marine conditions in the Greenland-Norwegian Seaway to record 
global carbon cycle variations despite a sea level lowstand.   
Precise correlation is critical for stratigraphic fidelity and for assessing the nature of 
widespread organic matter deposition. Whereas physical properties or biostratigraphic 
data alone usually do not allow precise correlation, our integrated approach enables us 
to identify and correlate synchronous events amongst inter-regional sections. Time 
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series analyses of TOC records from two wells reveal cycles that strongly resemble 
those of the 405-kyr and 100-kyr eccentricity components recorded in Dorset. 
Correlation to the cyclostratigraphic framework of Dorset provides independent support 
of our age model, which provides a basis for understanding the timing and extent of 
Late Jurassic climate change. As the clay mineral kaolinite is deposited in humid 
environments, the Late Jurassic climatic shift from warm–dry conditions is suggested 
by its abundance. Tracing this shift across a Boreal–High Boreal transect may show a 
broad perspective of the timing of this event, and the relationship to a presented 𝛿13Corg 
stack of the studied wells. 
 
1.2 FORCE seminar: Predictive Stratigraphy (27th-28th September 2017). 
Interregional correlation of the Late Jurassic–Early Cretaceous Kimmeridge Clay 
Formation: an integrated approach (bio-, cyclo- and chemostratigraphy) and 
palaeoclimatic implications 
Holly E. Turner, Andy Gale1, Felix Gradstein and Sietske Batenburg 
 
The latest Jurassic–Early Cretaceous interval was characterised by a number of carbon 
cycle perturbations. The simultaneous occurrence of these events offer precise tie-points 
in chemostratigraphic correlation across broad distances, however, their temporal and 
geographic extent are poorly understood. This is due to a scarcity of high resolution 
records and difficulties in correlation because of faunal provincialism and insufficiently 
constrained chronostratigraphy. We identify and correlate a number of isotope 
excursions from several biostratigraphically-constrained organic carbon-isotope records 
from the Norwegian Continental Shelf with the Kimmeridgian‒Tithonian (Upper 
Jurassic) Kimmeridge Clay Formation of the Dorset type area, and with Late Tithonian‒
Berriasian (Upper Jurassic‒Lower Cretaceous) records of Svalbard and Siberia. Our 
regional-scale correlation reflects the consistency of the C-isotope signal in the seas of 
north-western Europe at the time of deposition, and a high correlation potential across 
significant distances.  
Precise correlation is critical for stratigraphic fidelity and for assessing the nature of 
widespread organic matter deposition. Whereas physical properties or biostratigraphic 
data alone usually do not allow precise correlation, our integrated approach enables us 
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to identify and correlate synchronous events amongst inter-regional sections. Time 
series analyses of TOC records from two wells reveal cycles that strongly resemble 
those of the 405-kyr and 100-kyr eccentricity components recorded in Dorset. 
Correlation to the cyclostratigraphic framework of Dorset provides independent support 
of our age model, which provides a basis for understanding the timing and extent of 
Late Jurassic climate change. As the clay mineral kaolinite is deposited in humid 
environments, the Late Jurassic climatic shift from warm–dry conditions is suggested 
by its abundance. Tracing this shift across a Boreal–High Boreal transect may show a 
broad perspective of the timing of this event, and the relationship to a presented 𝛿13Corg 
stack of the studied wells. 
Funding bodies: This project is funded by NORLEX, the Geologic TimeScale 
Foundation and Lundin Petroleum. Thanks to Lundin Petroleum for permission to 
publish data and results. 
 
 
1.3 SEES Postgraduate Conference (25th June 2015) 
Interregional correlation of the Kimmeridge Clay Formation 
Holly E. Turner, Andy S. Gale, Felix M. Gradstein 
 
The Upper Jurassic Kimmeridge Clay is a major source rock in north-west Europe, and 
its genesis, stratigraphy and correlation are critical to understanding its petroleum 
potential. Many studies, including bio-, cyclo-, and chemo- stratigraphy, have been 
produced on the type area in Dorset, but further comparison with its counterparts in 
north-west Europe is necessary to gain a Tethyan-Boreal correlation of the formation. 
The aims of this project are as follows: 
• To produce a detailed study of the interregional stratigraphy of the 
Kimmeridgian–Ryazanian Kimmeridge Clay offshore marine facies across a 
Boreal-Tethyan transect, building on the current chemostratigraphical and 
orbital framework for NW Europe. 
• Potentially refine the chronostratigraphy for the interval studied. 
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• Ultimately to better understand why the Kimmeridge clay facies, its 
widespread deposition and prolific source rock potential, is so exceptional. 
Sections studied are from the type section in Dorset, cores from wells operated by 
Lundin Petroleum in the North, Norwegian, and western Barents Sea, and possible 
localities from southern France/Germany. Carbon isotope curves for each location will 
be produced and compared to show any correlation in isotope excursions. This 
correlation will be supported by existing dinoflagellate biostratigraphy, and my own 
calcareous nannofossil abundance study of the sample sets. Furthermore, approximately 
100 samples will be analysed for clay mineralogy. 
Work carried out so far (since February 2014) will be discussed. 
 
 
2. Poster presentations 
 
2.1 EGU, Vienna (17th-22nd April 2016) 
The Kimmeridge Clay Formation (Upper Jurassic-Lower Cretaceous) of the Norwegian 
continental shelf and Dorset, UK: a chemostratigraphical correlation 
Holly E. Turner, Andy S. Gale, Felix M. Gradstein 
 
The type section of the Kimmeridge Clay Formation (KCF) at Dorset, (UK) stands at 
the forefront in multidisciplinary research on climatic cyclicity, orbital forcing, sea level 
change and the productivity vs. preservation controversy. In economic terms, it is a 
prime source rock of the North Sea hydrocarbon province containing up to 35% total 
organic carbon. Lateral equivalents of the KCF occur widely in the North, Norwegian 
and Barents Sea regions of north-western Europe under other names: the Draupne, 
Mandal, Spekk, Hekkingen and Agardhfjellet (Svalbard) formations. Carbon isotopes 
and clay mineralogy have been extensively studied from the KCF type section at 
Dorset. However, between the North Sea and Western Barents Sea, little is known of 
these records. Correlation using both clay mineral and δ13Corg profiles across these areas 
would provide insights for our understanding of Late Jurassic climatic developments in 
north-western Europe. New chemostratigraphical records through the KCF of five 
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Norwegian exploration wells of Lundin Petroleum and one of Statoil, are compared 
with the Kimmeridgian of Sub-Boreal Dorset, along with a correlation between 
Svalbard records with the Tithonian cores sampled in this project. Dinoflagellate 
biostratigraphy accompanies isotope stratigraphy in the placement of each core in time. 
Initial results show a strong overall correlation. On a smaller timescale, several events 
are described from Dorset, including a distinct mid-Eudoxus positive isotope peak 
reflecting a sea level rise, and the Hudlestoni Zone aridity peak as recorded by low 
kaolinite/illite ratios. Off the Norwegian Continental Shelf, how are these events 
recorded, if recorded at all, in a δ13Corg and clay mineralogical profile? Such events are 
useful tools in correlation, and their identification regionally reduces the likelihood of 
local influence on oceanographical conditions, such as palaeoproductivity response to 
nutrient influxes, and instead reflects changes in the overall isotopic composition of 
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Appendix E. Ethical Review 
 
The following two pages include the UPR16 form and the certificate of ethical approval 
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